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PREFACE 


The past half century has seen an extraordinary growth in the 
fields of cellular and molecular biology. From simple morphologi- 
cal concepts of cells as the essential units of living matter there 
has been an ever~-sharper focus on functional organization of living 
systems, with emphasis on molecular dynamics. Thus, life forms 
have come to be defined increasingly in terms of metabolism, 
growth, reproduction and responses to environmental perturbations. 
Since these properties occur in varying degrees in systems below 
the level of cellular organization, there has been a blurring of 
older models that restricted the concepts of life to cellular 
systems. At the same time, a search has begun for elemental as- 
pects of molecular and atomic behavior that might better define 
properties common to all life forms. 


This search has led to an examination of nonlinear behavior in 
biological macromolecules, whether in response to electrical or 
chemical stimulation, for example, or as a means of signaling along 
a molecular chain, or as a means of energy transfer. Experimental 
knowledge in this area has grown rapidly in the past decade, and in 
some respects has outstripped theoretical models adequate to ex- 
plain these new observations. Nevertheless, it can be claimed that 
there is now an impressive body of experiments implicating non- 
linear, nonequilibrium processes as fundamental steps in sequential 
operations of biological systems. Many of these key findings have 
been independently replicated, but acceptance of these concepts in 
a biological milieu steeped in the traditions of chemical equili- 
brium phenomena has come slowly. Despite experimental rigor, inde- 
pendent replications and an increasing armamentarium of relevant 
physical models based on dissipative and dispersive processes, 
there are still those who describe these findings as "sensational, ” 
or “attributable to experimental error,” or “still a long way from 
an adequate theoretical treatment.” 


We believe that the forward march of science demands a more 
positive approach. This Conference was convened to develop a forum 
for biologists, physical scientists and engineers. In an histori- 
cal perspective, its timing occurred at a unique moment. For the 
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first time, biological and physical scientists confront the same 
essential questions in the physics of matter. At issue for the 
physical scientist is the question of randomness in the physics of 
condensed matter; in the dynamics of molecules and in the interac- 
tion of molecules and electromagnetic fields. Theoretical con- 
structs more or less adequate for the description of matter in the 
bulk have been shown to be inadequate to describe matter on the 
submicron level. A particular case in point is the ubiquity of 
solitary waves in both dynamical and static systems ranging from 


long chain molecules to chemically reacting solutions. The exis- 
tence of such waves depends upon nonlinear energy exchanges between 
distinct modes, as for example the interaction between vibrational 
and exciton modes in long chain molecules. 


To the biologist, now aware of highly nonlinear phenomena in 
cel] membrane transduction of hormonal, neurohumoral and immunolo- 
gical stimuli, for example, these models from the frontiers of the 
physics of matter offer unparalleled opportunity to move beyond 
accepted equilibrium models of bioenergetics in cellular and sub- 
cellular systems. We may anticipate description in physical, 
rather than chemical terms of the essential steps in enzyme acti- 
vation and inactivation, and in so-called "active" cellular 
transport mechanisms, for example. 


For the engineer, there is in prospect the development of 
totally new computing devices and systems, operating at the mole- 
cular level. Logical operations and information storage would 
occur in biomolecules arranged in sheets or monomolecular films, 
with packing densities and array speeds orders of magnitude greater 
than is now possible. These developments will in large part, make 
use of the unique properties exhibited by matter as it is organized 
in living organisms. 


What does the future portend? In broad perspective, recog- 
nizing the fallibility of speculation, we may look towards a 
physical, rather than a chemical basis in understanding biological 
processes. A physical understanding will not replace the elegant 
beauty of the chemical edifice. Rather, it will extend in exqui- 
site detail the concepts of atomic and molecular behavior that have 
been the chemist's immense contributions to the biology of the 
twentieth century. In the biomedical sciences, this new knowledge 
may already have taken us to the threshold of essentially new 
concepts in cellular immunology, aging and cancer, as well as in 
our understanding of the organization of the brain, and of the ways 
in which brain cells "whisper together" in learning and recall. 


We are deeply indebted to the Federal agencies and their 
administrative scientists who encouraged us to conduct this 
Conference; to the FDA Bureau of Radiological Health, the US Air 
Force Office of Scientific Research, the Office of Naval Research 
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and the Veterans Administration. Their generosity permitted a 
unique international meeting that held the unflagging interests of 
a highly interdisciplinary audience. It is our hope that readers 
of this volume will also capture this atmosphere of excitement that 
pervaded the proceedings. 


We gratefully acknowledge the support of the many staff and 
volunteers of the Jerry L. Pettis Memorial Veterans Hospital under 
the direction of Mr. R. Quinto and Mrs. B. Kruggel. The excellent 
conference arrangements bespeak their selfless efforts over many 
months. We are most grateful to Ms. J. Merrill for editorial 
assistance in preparation of this volume. 


Finally, the second co-editor wishes to acknowledge the 
generous support provided by Office of Naval Research Contract 
Number NOOO 1483-C-0010 during the period of preparation for these 
proceedings. 


H. Ross Adey 
A.F. Lawrence 
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NONLINEAR EFFECTS OF ELECTROMAGNETIC FIELDS ON 
WHOLE ORGANISMS, LIVING TISSUES AND TISSUE 
PREPARATIONS 


NONLINEAR, NONEQUILIBRIUM ASPECTS OF ELECTROMAGNETIC 


FIELD INTERACTIONS AT CELL MEMBRANES 


W.R. Adey 


Research Service, Pettis Memorial Veterans Hospital and 
Departments of Surgery and Physiology Loma Linda 
University, School of Medicine Loma Linda, California 
92357 USA 


l. Introduction 


Early concepts of the cell as a unitary biological entity 
postulated a role for the cell membrane simply as a physical 
boundary enclosing the intracellular contents. At the turn of the 
century, awareness of differential concentrations of potassium and 
sodium fons inside and outside this boundary focused attention on 
its capacity to sustain these differentials by expenditure of 
metabolic energy, in accordance with equilibrium considerations. 
Action potentials in excitable cells meet all criteria for trans- 
membrane currents based on transient collapse and reestablishment 
of these ionic equilibria. In this model, the lipid bilayer or 
plasma membrane functions as the essential structural element 
separating intracellular contents from surrounding fluid. 


It is now clear that cell membranes function in a far more 
complex fashion in detection of a wide range of external chemical 
stimuli, including neurotransmitters, antibodies and most hormones. 
Recent research has focused on the arrangement of proteinaceous 
material on and within the lipid bilayer, as described in the 
fluid~mosaic model of Singer and Nicolson (1). Glycoprotein 
(glycosaminoglycan) strands protrude outward from intramembranous 
particles (IMPs) to form a polyanionic surface layer composed of 
sialic acid terminals. Since this surface sheet contains receptor 
sites for hormones, antibodies and neurotransmitter molecules (2), 
it is the site of initial binding events for humoral stimuli 
bathing the cell. These first events at surface receptors are 
signaled to the cell interior, where intracellular responses are 
triggered at energy levels far higher than in the initial inter- 
actions at the cell surface, or in the energy of the electro- 
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magnetic (EM) fields now known to modify these intracellular re- 
sponses to molecular stimuli at the membrane surface. 


Although these basic steps in transductive coupling at cell 
membranes are now generally accepted, this quite simple concept is 
based on a series of observations requiring closer scrutiny if the 
essential elements in the structural and energetic sequence of 
transductive coupling are to be understood. Our studies have shown 
that cell responses to many natural humoral stimuli in the sur- 
rounding fluid can be manipulated either by certain EM fields at 
low frequencies, or by radio frequency and microwave fields 
amplitude modulated at low frequencies. These effects occur at 
field levels which are "athermal” in terms of tissue heating; and 
the field amplitude and frequency characteristics offer clues to 
the essential nature of membrane transductive coupling. 


This model of transductive coupling at low imposed field 
levels has defined requirements for "amplifying" mechanisms between 
initial cell surface events and responses in intracellular enzyma- 
tic and metabolic systems. Two major energy barriers intervene 
between initial weak events at the membrane surface and ensuing 
major intracellular events. One is the barrier of the membrane 
potential that exists across the 40 A ef the plasma membrane, with 
a typical transmembrane gradient of 10° V/cm; the second arises in 
the relative energies of molecular binding at membrane receptor 
sites and in intracellular events initiated by these binding 
events. As discussed below, an understanding of the striking 
cellular effects of oscillating EM fields in pericellular fluid 
many orders of magnitude weaker than the transmembrane gradient 
requires a membrane model based on “amplification” of these weak 
cell surface events at receptor sites. In the energetic barrier, 
intracellular enzyme systems, including adenylate cyclase and 
protein kinases, respond to imposed weak EM fields by alterations 
in energy release many orders of magnitude greater than in either 
initial binding events at cell surface receptor sites, or in EM 
fields that modify these intracellular responses to molecular 
stimuli at the membrane surface. 


Of the neurohumoral, endocrine and immunological reactions at 
cell membranes so far examined, many display “windows” in their 
sensitivity to frequency and amplitude of the imposed fields. New 
evidence indicates that temporal windows also delimit field- 
sensitive epochs in modulation of intracellular enzyme systems by 
signals arising in cell membranes. Morphological data also support 
a sequential model of transductive coupling of EM field stimuli 
from cell surface receptor sites to the cytoskeleton via transmem- 
brane macromolecules. These macromolecules also act as coupling 
proteins between surface receptor sites and enzymes at the internal 
membrane surface. 
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A clear emergent conclusion from these studies concerns the 
highly nonlinear character of transmembrane coupling of many cell 
surface stimuli, and the importance of associated nonequilibrium 
events. From many experimental and theoretical findings cited 
below, a substantially new view is rapidly evolving about mecha- 
nisms for signaling from the cell surface to the interior, and 
their possible role in an intimate communication system between 
cells in tissue, by which they may “whisper together” (Young, 
1951). 


In summary, there is good evidence from studies described 
below that coupling of weak, oscillating electrochemical fields 
occurs at membrane surface polyanions (formed by the protruding 
glycoprotein terminal strands on intramembranous macromolecules) 
and that these processes are Ca-dependent (3-8). The transductive 
coupling of many humoral stimuli at cell surface sites implicates a 
minimal sequence of three steps (4, 5, 9). Initial events appear 
to relate to the numerous negative charges at terminals on the 
surface glycoprotein sheet, a step presumed to occur in length and 
area of the membrane; a second step involving transmembrane 
signaling, mediated by lipoproteins that span the transverse 
dimension of the plasma membrane; and a third step coupling the 
transmembrane signal to intracellular organelles via cytoskeletal 
elements. We have shown that imposed EM fields interact with at 
least the first and second steps of this sequence. 


Is there evidence that imposed EM fields at levels no greater 
than those seen in intrinsic electrochemical oscillations in tissue 
can perturb ionic mechanisms controlling cellular excitability? 

Our first studies examined EM field effects on Ca efflux from brain 
tissue (10-15), resulting in clear evidence of highly cooperative 
interactions. Is there evidence that Ca-dependent membrane 
processes, including release of neurotransmitters, responses to 
hormones and cell-mediated immune mechanisms, are modulated by the 
same types of EM fields? As reviewed below, there is impressive 
and growing evidence consistent with nonlinear, nonequilibrium 
interactions in all three types of cell mechanisms, with responses 
in widely diverse tissues that include brain, bone, pancreas and 
leucocytes. 


These data provide a reasonable basis for modeling many of the 
major steps in the sequence of cell membrane transductive coupling; 
beginning with events at binding sites that involve modulation of 
Ca binding, followed by modulation of membrane-bound enzyme 
activation, as in the case of adenylate cyclase (16). As a 
consequence of these and other membrane interactions, there is 
modified activity in the great class of intracellular messengers, 
the protein kinases. 
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2. Actions of EM fields on Ca binding and transmitter release in 


brain and other excitable tissues 


ae Ca efflux from cat cerebral cortex in response to weak 
electrical stimuli 


Studies in the awake cat (10) showed binding and release of Ca 
in cerebral cortex to be sensitive to electrical stimuli of the 
same amplitude as the gradient of the EEG at cellular dimensions. 
Pulsed stimuli (200/sec, 1.0 msec duration) under condifiong of 
relatively uniform fields of 50 to 100 mV/cm increased “Ca 
efflux by almost 20 per cent. A concomitant rise in efflux of the 
amino acid transmitter GABA is described below (Fig. 1). 


b. Ca efflux from cat cerebral cortex exposed to modulated 


microwave fields 

45, 2+ 
We have studied “Ca efflux from awake cat cerebral cortex 
during and following exposure for 60 min to a 3.0 mW/cm 450 MHz 
field sinusoidally amplitude modulated at 16 Hz (14). We used the 
same superfusion techniques as in the electrical stimulating 
experiments, employing a plastic cylinder in gentle contact with 
the pial surface. Tissue dosimetry showed a field of 33 V/m in the 
interhemispheric fissure (rate of energy deposition 0.29 W/kg). 
Radioacfivity measurements in cortical samples after superfusion 
showed ~Ca™ penetration at about 1.7 mm/hr, consistent with 
diffusion of the ion in free solution. By comparison with con- 
trols, efflux curves, from field-exposed brains were disrupted by 
waves of increased “Ca efflux. These waves were irregular in 
amplitude and duration, but many exhibited periodicities of 20-30 
min. They continued into the postexposure period (Fig. 2). 
Binomial probability analysis indicated that these field-exposed 
efflux curves constitute a different population from controls at a 
confidence level of 0.96. ; 


In about 70 percent of cases, initiation of field exposure was 
followed by increased end-tidal CO, excretion for about 5 min. 
However, hypersapnea induced by hypoventilation did not elicit 
increased “Ca efflux. Thus, this increased efflux with exposure 
did not appear to arise as a secondary effect of raised cerebral 
CO, levels. However, efflux rates may depend on H ion levels, 
since removing HCO Long. from the medium bathing isolated chick 
cerebral cortex reduced a efflux in both control and exposed 
preparations and raising H ion levels in the presence of HCO., ions 
increased efflux sensitivity to field exposure (13). 


These interactions between HY and ca*t ions suggest a competi- 
tion for binding sites at cell membrane polyanions. The Ca efflux 
experiments also indicate a role for these ions in excitatory 
processes, as proposed by Adey et al. (14). 
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Ce Ca efflux rates from cerebral synaptosomes exposed to 


modulated microwave fields 


So far, we have considered evidence indicating sharply altered 

Ca binding in cerebral tissue in response to imposed electric 
fields at levels mimicking natural extracellular electrochemical 
oscillations. Further studies have defined similar sensitivities 
in preparations of ultrastructural cerebral elements. Cerebral 
synaptosomes, typically 0./ m in diameter, retain the synaptic 
junction and adjoining postsynaptic membrane and have characteris- 
tics typical of brain chemical synapses. Lin-Liu and Adey (15) 
ptudjed Ca efflux from pellets of synaptosomes preloaded with 

Ca , employing a continuous perfusion technique in a Ca-free 
physiological solution. This minimized Ca-Ca exchange between 
intra- and extracellular compartments (15). A 450 MHz field at a 
power density of 0.5 mW/cm (measured gradient in air, 43 V/m) and 
sinusoidally modulated at 16 Hz increased the rate constant of the 
efflux by 38 percent. Unmodulated and 60 Hz modulated fields were 
without effect (Fig. 3). This study also supports a model of EM 
field interaction with Ca bound at cell membrane surface sites. 
This field-induced change in efflux was distinguishable from 
CaCl,~-stimulated efflux. The latter is most probably derived from 
intracellular sites. 


d. Ca efflux studies in isolated chick cerebral hemisphere 


The strongest single line of evidence about the essential 
nonlinearity of these bioeffects has come from manipulation of 
field frequencies and intensities. Much further study is needed to 
unravel mechanisms of “windowed” responses that occur, for example, 
only for narrow bands of frequencies and intensities in the 
spectrum below 100 Hz, or in multiple intensity windows (19). 

These windowed responses were initially reported as modifications 
of. cerebral Ca efflux, but also occur in Ca efflux from cardiac 
muscle (20), in cell mediated cytolysis (21), in steroid hormone 
secretion from the isolated adrenal gland (22), and in the activa- 
tion of protein kinases in human T-lymphocytes (17). 


Ca efflux from cerebral cortex is sensitive to radiofrequency 
(147 MHz) and microwave (450 MHz) fields sinusoidally amplitude- 
modulated at frequencies below 35 Hz, at tissue intensities similar 
to the EEG measured agposs the dimensions of a single neuron 
(20-100 mV/cm). C efflux from isolated chick cerebral 
hemispheres increased more than 15 percent over control levels at a 
modulation frequency of 16 Hz, producing a striking “tuning curve”, 
with progressively smaller respopges, at frequencies above and below 
16 Hz (23, 24)., This increased “Ca” efflux persisted in the 
presence of 10 M NaCN, precluding metablic activity and active Ca 
transport (Fig. 4). 
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Fig. 1 Efflux *°ca2+ and 39H-GABA 
from superfused cat cortex, with 
effect of weak electrical stimu- 
lation (200/sec, 1 msec pulses). 
Electrical gradients were of the 
order of 50 mV/cm (From Kaczmarek 
and Adey, 1974). 
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Fig. 2 Increased *°cA2+ efflux 
from awake cat cerebral cortex 
during and por OUene eTpOSure 

for 1 h to a 3 mW/cem*t°Ca2t 450 
MHz field, sinusoidally modulated 
at 16 Hz (From Adey, Bawin and 
Lawrence, 1982). 


Fig. 3 Computer fitting of *9ca2t+ efflux data composites from rat 


cerebral synaptosomes exposed to 450 MHz fields, 


sinusoidally modulated at 16 Hz. 


0.5 mW/cm2, 
C, control; Fg, unmodulated 450 


MHz fields; Fj, same field with sinusoidaly 16 Hz modulation; Fo, 
same field with 60 Hz modulation (From Lin-Liu and Adey, 1982). 
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ELF electric fields in the rangg 1-100 Hz inducing far weaker 
tissue components (calculated at 10 V/cm) modified Ca efflux as a 
virtual mirror image of effects of modulated RF fields (Fig. 4). 

In the same yange of low frequencies as those modulating the RF 
fields, ~Ca efflux from isolated chick cerebral hemisphere was 
reduced by about the same amount as it was increased in the RF 
fields, and maximal interaction again occurred around 16 Hz (11). 
By contrast, Ca efflux was increased when these weak electric 
fields were combined with an H field induced by current flowing 
synchronously with the electric field (25). Interpretation of Ca 
efflux experiments is difficult, since sharp differences in binding 
energy may exist within and between stranded macromolecules on the 
membrane surface (26). 


Intensity windows in release of Ca from cerebral cortex have 
also been reported for both ELF and modulated RF/microwave fields. 
Blackman et al. (24) noted that 147 MHz fields sinusoidally 
modulated at 16 Hz were only effective in increasing Ca effjux from 
chick cerebral cortex at incident energies around 1.0 mW/cm . This 
was subsequently confirmed with 450 MHz fields modulated at 16 Hz, 
with gn amplitude window for intensities between 0.1 and 1.0 
mW/cm' (12). For ELF fields, Blackman et al. (27) observed 
intensity-dependent Ca efflux changes over the range of field 
intensities in air of 1-70 V/m for 16 Hz ELF fields. 


For brain tissue, pulsed electric fields that impose peri- 
cellular gradients of the same amplitude as the EEG recorded across 
the dimensions of a single cell increase the efflux of the 
inhibitory transmitter amino acid GABA by about 20 percent (10). 
Other studies in cultured nerve cells (rat pheochromocytoma) 
exposed to a 500,Hz 8.5 G pulsed magnetic field (induced electric 
field around 10 V/cm) also showed a sharply increased release of 
the neurotransmitter nonadrenaline (8). Increasing the extracel- 
lular Mg concentration about 7 times did not alter the release rate 
in control studies but the, stimulated release was abolished... These 
authors concluded that Mg appeared to act as a specific Ca 
antagonist; and that cation binding sites on the outer surface of 
the plasma membrane may be highly sensitive to, weak EM stimuli. In 
their model ensuing cooperative changes in Ca binding would 
modify membrane stability to allow Ca’ entry through the membrane 
and release of transmitter vesicles. 


These data offer strong evidence that brain tissue responds to 
intrinsic and imposed oscillating electric fields far weaker than 
the membrane potential by altered Ca binding at cell membrane 
surfaces. These responses are highly nonlinear with respect to 
field frequency and intensity. What, then, are the physiological 
concomitants of this altered Ca binding? Is this sensitivity to 
weak pericellular electric oscillations confined to brain tissue, 
or is it a widespread property of cells in other tissues? 
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We shall examine evidence from manipulation of Ca~dependent 
membrane activities in nonneural tissues. They also share this 
sensitivity to weak imposed EM fields. 


3. EM field sensitivities in bone, pancreas and lymphocytes 


Major steps in the sequence of transductive coupling at cell 
membranes have been revealed by their manipulation with EM fields. 
This picture has emerged in our collaborative studies from examina- 
tion of widely divergent tissues and cell lines, including bone and 
bone cell cultures (16), cultured pancreatic islets (28), and in 
human and murine lymphocytes (17, 21). We have noted field 
modulation of activation of a membrane-bound enzyme (adenylate 
cyclase) by hormone molecules that attach to membrane surface 
receptor sites, but no field modulation of the same enzyme's 
response to humoral substances that act at the cell nucleus, rather 
than at the membrane. There is altered activity in intracellular 
messenger enzymes (protein kinases) as they respond to field- 
induced signals that appear to come directly from the cell membrane 
but not via membrane-bound enzymes. Field interactions also modify 
secretory capacities in these cells, including hormone release and 
hormonal control of collagen fiber deposition in the intercellular 
matrix. Allogeneic cytolysis of target cells is modulated by EM 
fields in a clear example of a membrane-membrane interaction 
through antigen-antibody reactions. Many of these effects exhibit 
"windowed" characteristics to EM field frequency and amplitude, and 
some have shown windowing in the timing of their sensitivity to 
field exposure; thus emphasizing their nonlinear, nonequilibrium 
character. 


ae Modulation by low-frequency EM fields of responses of 


bone and bone cells to parathyroid hormone (PTH) and 1,25 
dihydroxy-vitamin D, 


In pulsed EM field studies, we have focused on the membrane- 
bound enzyme adenylate cyclase and its sensitivities to two agents. 
One acts at the cell membrane and the other at intracellular sites, 
probably at the nucleus. Manipulation of these actions by concur- 
rent EM field exposure has confirmed the cell membrane as a prime 
site of EM field transduction, and at the same time appears to 
preclude a direct field action on intracellular organelles, such as 
the nucleus, as direct participants in these particular responses. 
Moreover, each step in both these manipulations is Ca-dependent. 


We have examined effects of two pulsed EM fields, identical 
with those used in clinical management of ununited fractures, on 
neonatal mouse cranial bones and on cultures of a clonal line of 
osteoblast-like mouse bone cells (16). One field generated 
continuous pulse trains at 72 Hz and the other generated recurrent 
bursts (5 msec duration) of pulses at a 4kHz rate (burst repetition 
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rate 15/sec). No differences were noted in responses to the two 
fields. Induced extracellular fields were 1 mV/cm or less, and the 
expected peak extracellular current density in a homggeneous 
conducting electrolyte was of the order of 1.0 pA/cm'. Transmem- 
brane components of extracellular field gradients were as much as 
six orders of magnitude less than typical excitatory threshold 
currents of 1 mA/cm' observed for axonal depolarization. 


Following field exposure for 48 to 90 hours, tissue culture 
medium was replaced with fresh medium containing 0.01 mM theo- 
phylline. After 30 mim, hormones (either parathyroid hormone (PTH) 
or 1,25 dihydroxy-vitamin D,) were added and assays performed for 
adenylate cyclase activity through cAMP accumulation and for 
collagen synthesis. Both fields significantly reduced cellular 
production of cAMP, even though neither basal nor fluoride- 
activated levels of adenylate cyclase were altered in membranes 
from cells cultured in the fields. The fields also blocked the 
inhibitory effects of PTH on collagen synthesis by these cells. 
However, there were no field effects on inhibition of collagen 
synthesis by vitamin D,, which is believed to occur primarily by a 
nuclear, rather than by a membrane-dependent mechanism; thus 
supporting the hypothesis that field actions are primarily at cell 
membrane sites (Fig. 5). 


b. Decreased protein kinase activity in human l hocytes 


exposed to low-level, amplitude~modulated microwave fields 


The foregoing study provided evidence that activation of 
membrane-bound enzymes in response to hormones bound at membrane 
surface receptor sites is extremely sensitive to weak, low fre- 
quency electrochemical oscillations in the pericellular environ- 
ment. In this case, activation of adenylate cyclase converts 
adenosine triphosphate (ATP) to 3'5' cyclic adenosine monophosphate 
(cAMP). In turn, cAMP is responsible for activation of a large 
portion of a group of messenger enzymes, the protein kinases. 
Other protein kinases are activated by pathways from the cell 
membrane not involving cAMP. A possible mechanism by which 
hormone-receptor interactions at the cell surface lead to altera- 
tions in intracellular events is by the reversible phosphorylation 
of cellular proteins by protein kinases. For this reason, we have 
investigated the ability of brief exposure to weak microwave fields 
sinusoidally modulated at low frequencies to alter protein kinase 
activity of human tonsil lymphocytes in culture (17). We have 
examined levels of cAMP-dependent and cAMP-independent protein 
kinases, thus distinguishing those kinases activated through the 
cAMP production path outlined above from those activated through 
signals via other paths from the cell membrane. The activation of 
protein kinases is generally Ca-dependent. 
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Fig. 4 A: *5¢q2* efflux from freshly isolated chick cerebral 
hemispheres exposed to a weak RF field (147 MHz, 0.8 mW /cm*°ca2t , 
amplitude modulated at low frequencies (abscissa). B: Effects of 
far weaker electric fields (56 V/m) in the same frequency spectrum 
from 1 to 32 Hz. Field gradients in tissue differ by about 10° 
between A and B (From Adey, 1981 b). 
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Fig. 5 Effects of 72 Hz pulsed magnetic field on synthesis of 
collagen by bone cells, grown in presence (solid line) or absence 
(dashed line) of field for 12 h. Field blocked inhibitory action 
of PTH (A) but exerted no effect on inhibition of collagen 
synthesis by vitamin D3 (From Luben et al., 1982). 
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Cultures were exposed for periods up to 60 min at 35C to a 450 
MHz field (peak envelope power 1.5 mW/cm'), amplitude modulated at 
frequencies from 3 to 100 Hz (modulation depth 80 percent). 
Protein kinase activity was estimated with calf-thymus histone as 
the substrate. Approximately 20 percent of the total kinase 
activity was due to specific activity of cAMP-dependent protein 
kinase, which was not altered by exposure to fields modulated at 16 
or 60 Hz for 15, 30 or 60 min. 


On the other hand, the total cAMP-independent protein kinase 
activity was sharply reduced by more than 50 percent 15 and 30 min 
after onset of exposure to a 16 Hz modulated field, but returned to 
control levels after 60 min, despite continued presence of the 
field (Fig. 6). The transient nature of this response was also 
seen with 60 Hz modulation, but was smaller than with 16 Hz 
modulation (20 percent at 15 minutes and 25 percent at 30 minutes). 
We have confirmed the existence of a "window" with respect to 
modulation frequency, with maximum effects at 16 Hz. Effects 
decrease progressively with 6 Hz & 3 Hz modulation and with an 
unmodulated field; and at higher modulation frequencies (40, 60, 80 
and 100 Hz). 


Thus, this study reveals not only highly nonlinear and 
nonequilibrium sensitivities as indicated by the modulation 
frequency window; it also indicates a brief window in time during 
which the lymphocyte is susceptible to this electrochemical 
oscillation. Manipulation of the steps in transductive coupling 
with imposed EM fields has confirmed the essential sequence. It 
would be expected that the phenomenon of temporal windowing may be 
of biomedical significance in definition of hazards attributed to 
human environmental exposures to EM fields and also in delimiting 
their therapeutic application. 


Ce Reduced cytotoxicity of allogeneic T-lymphocytes in 


modulated microwave fields 


Cell mediated immune responses of allogeneic T-lymphocytes, 
involving cytolysis of target cells, are mediated at cell membranes 
and require the presence of Ca ions. We have tested this response 
as a function of modulatiop frequency of a weak 450 MHz field 
(incident energy 1.5 mW/cm' peak envelope power) (21) in a mouse 
line of cytotoxic 4-lymphocytes (CTLL-1) targeted against human 
lymphoma cells (H., B MPC~11). 


Cytotoxicity was reduced about 20 percent when a 4 h assay was 
performed with 60 Hz sinusoidal modulation of the field. This 
sensitivity followed a “tuning curve” against modulation 
frequency, with peak suppression at 60 Hz and smaller effects at 
all other frequencies from 3 to 100 Hz (Fig. 7). A similar 
inhibition occurred when T-lymphocytes were exposed prior to mixing 
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Fig. 6 Transient decrease in protein kinase activity at 15 and 

30 min in human lymphocytes exposed to 450 MHz field (1.7 mW/cm2 
peak envelope power) sinusoidally modulated at 16 Hz (From Byus 

et al., 1983). 
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Fig. 7 Inhibition of cytotoxicity of allogeneic T-lymphocytes 
exposed to a 450 MHz field (1.7 mW/cm2 peak envelope power) as 
sinusoidal amplitude modulation was varied between 0 and 100 Hz. 
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with the target cells, indicating their direct interaction with the 
field. Exposed T-lymphocytes recovered their full cytolytic 
capacity in 12.5 hours. Unmodulated fields were without effect. 


d. Altered Ca binding and reduced insulin secretion in 
pancreatic islets exposed to low frequency pulsed magnetic fields 


The foregoing studies have reviewed the sequence of steps in 
coupling various physiological stimuli from the cell surface to the 
interior and the electrochemical energy levels that appear to be 
involved at each major step. There is also evidence that the same 
EM fields influence secretory functions in response to humoral 
stimuli. Effects on collagen formation by bone cells were cited 
above (16). 


Using a “pulse burst” type of EM field similar to that used in 
the bone cell study, Jolley et al. found that rabbit pancreatic 
islets showed a 26 percent reduction in Ca content, a 25 percent 
reduction in Ca efflux, and a 35 percent decrease in insulin 
release in response to glucose stimulation (28). A 3-fold increase 
in the steroidogenic response of rat adrenal tissue in vitro to 10 
mU ACTH has been reported following exposure to a 60 Hz electric 
field at 10 kV/m. The study suggested a field intensity "window", 
with smaller reponses at 500 and 1000 kV/m. For an external field 
of 1000 kV/m, the field intensity in fluid surrounding the tissue 
was only 16.8 mV/m (22). The steroid response was measured as the 
corticosterone level in the superfusate 5.5 hours after field 
activation, and 1.5 hours after ACTH stimulation. 


4. Nonlinear electrodynamics in cell membranes at the molecular 


level 


We have reviewed the evidence that points strongly to the 
nonlinear, nonequilibrium behavior of transductive systems that 
couple a wide range of physiological stimuli from the cell surface 
to intracellular mechanisms. This new vista on cell membrane 
mechanisms results from the use of weak oscillating EM fields as 
concomitant manipulanda. It is clear that many of these observa- 
tions have been duplicated, or complement each other in consistent 
ways. These imposed EM fields are orders of magnitude weaker than 
would have been predicted for threshold effects from classical 
models based on equilibrium considerations, including the membrane 
potential. There are at least three major considerations to be 
addressed in future research. 


A basis must be found for the biological transduction of these 
electrochemical oscillations in pericellular fluid at frequencies 
below a few hundred Hz when they are so much weaker than the 
membrane potential. No existing models based on equilibrium 
considerations, such as the Hodgkin-Huxley model of excitation in 
nerve fibers, address this problem appropriately. 
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It is also necessary to elucidate the “windowed” character of 
many of these responses with respect to these low frequencies, and 
to take account of similar windowing in relation to intensity. We 
conclude that these interactions are nonequilibrium in character 
and also highly nonlinear (3-5). 


There is the further problem of intercellular communication 
which may be mediated by weak electrochemical oscillations gener- 
ated in one cell and transmitted to adjacent cells. So far, we 
have addressed membrane transduction from the exterior to the 
interior of the cell, since this is the direction of one major 
signal flux. On the other hand, low frequency oscillations in 
membrane potentials of cerebral neurons produce currents in 
pericellular fluid that influence adjacent cells (29, 30). 
Intercellular communication based on low frequency oscillations is 
a clear possibility. The extracellular medium is an efficient 
conductor at low frequencies and may behave in a frequency 
dependent manner in the counterion layer adjoining the membrane 
surface. Leakage of low frequency membrane potential oscillations 
into the extracellular space has been extensively described, and 
plays a prime role in brain tissue in the genesis of the EEG. (For 
review, see [4]). 


At far higher frequencies, as for example, in the far infrared 
region, such a model presents considerable difficulties. Genera- 
tors of coherent infrared radiation are not known to exist on cell 
surfaces nor in the intercellular space. On the other hand, these 
high frequency models, as proposed by Frohlich (31), may be of 
great importance in the regulation of intracellular events. We may 
speculate that release of metabolic energy within the cell, as in 
the hydrolysis of ATP, may be associated with release of coherent 
infrared radiation. If this should prove to be the case, intracel- 
lular signaling and energy transfer might well be so mediated over 
short distances. How much of this coherent radiation might pass 
through the cell membrane to modulate activity of adjacent cells? 
An answer must await future research, but absorption and scattering 
within the lipid bilayer would appear to make this unlikely. 


We have hypothesized a two stage process in transductive 
coupling from membrane surface to cell interior in an attempt to 
unify known elements in this sequence (9). We propose an initial 
interaction over whole areas of the membrane surface. This is 
dissipative in nature and highly cooperative in its modulation of 
Ca binding at sites on terminals of stranded glycoproteins. The 
ensuing step would be dispersive, with solitary waves similar to 
those proposed by Davydov moving in sequence down the length of 
glycoprotein and lipoprotein molecules. Since many of these 
molecules span the plasma membrane from its external surface to the 
cell interior, they form a path across cell membranes for signaling 
or for transport of energy, after initial transductive events first 
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modify surface electrochemical states by cooperative interactions 
in the length and area of the membrane surface (3, 4, 9, 32, 33). 
Birge's model of bacteriorhodopsin may serve as a paradigm. Light 
energy is focused at a specific site, an electrostatic attraction 
is broken, and an energy or charge product passes to the cell 
interior by molecular conduction (34). 


The extracellular space forms a preferred pathway for pericel- 
lular fields, directing induced currents along the cell surface. 
Initial transduction of weak EM fields would therefore occur in the 
plane of the membrane surface. We have proposed that this dissipa- 
tive interaction rests upon formation of “patches” on the membrane 
surface. Within each patch, fixed charge sites on protruding 
glycoprotein strands achieve coherent energy levels substantially 
above ground states, and with identical energy levels at neighbor- 
ing sites. Oscillating EM fields or proton tunneling at the 
boundaries of these coherent domains may act as weak triggers, 
initiating a domino effect across the entire domain and returning 
it to ground state with release of much more energy than in the 
initial triggering event. Altered Ca binding at surface sites 
induced by field exposure supports this model (4). This highly 
nonlinear modification of Ca binding may offer a key to the 
“amplifying” mechanism inherent in the observed EM field sensitivi- 
ties of neurohumoral, immune and endocrine events initiated at cell 
surface sites. This amplification in the first stage of trans- 
ductive coupling may provide energy for the second or transmembrane 
step in stimulus coupling. 


Fig. 8 Hypothetical interaction 
between an EM field-induced wave 
in the membrane and a membrane 
protein. The energy of a splay 
wave traveling along the 
membrane is transferred to a 
protein via coulombic coupling 
between dipole-type head groups 
and polar sites along the 
protein chain (From Lawrence and 
Adey, 1982). 


In this model, linear macromolecules spanning the membrane 
play a key role in signal coupling to the cell interior. This 
coupling would be a direct consequence of ‘initial longitudinal 
events on the membrane surface and may be mediated by soliton 
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processes (9). Recent research has suggested that nonlinear 
interatomic forces (specifically in the hydrogen bond) can lead to 
robust solitary waves with greatly increased radiative life times 
(35, 36) (Fig. 8). Davydov (35) concludes that this would corre- 
spondingly increase the tendency for molecular vibrations to be the 
vehicle for energy transfer over long molecular chains, specifi- 
cally over the “spines” in alpha-helix proteins with the bond 
sequence ---HNC=0---HNC=0-, etc. Davydov's nonlinear analysis 
shows that propagation of amide-I vibrations is coupled to longitu- 
dinal soundwaves in the alpha-helix, and the coupled excitation 
propagates as a localized and dynamically stable wave. The amide-I 
vibrations are the source of the longitudinal sound waves which 
stretch hydrogen bonds along the a-helix. Soliton formation 
exhibits a sharp threshold which is a function of energy coupling 
between the hydrogen bond stretching and the amide-I excitation 
(37). With a further increase in coupling energy, there is a 
second threshold above which solitons will not form. It may be 
asked whether the general properties of these nonlinear mechanisms 
can account for peristent molecular states in the needed time 
frame. 


Much biochemistry has rested hitherto on such descriptive 
terms as “activation” of enzymes, or “active transport”. This 
research may open the door to an understanding of these processes 
in physical terms. These concepts are as new to the physical 
sciences as in their applications to biology and medicine, and 
suggest a fundamentally new aspect to the organization of matter at 
the molecular atomic level, where there is a property of 
“graininess”. Manifestations of these characteristics in biologi- 
cal molecules may ultimately offer an understanding of essential 
properties of living matter. 
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USE OF BONE CELL HORMONE RESPONSE SYSTEMS TO INVESTIGATE 


BIOELECTROMAGNETIC EFFECTS ON MEMBRANES IN VITRO 


Richard A. Luben and Christopher D. Cain 
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Department of Biochemistry, 
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INTRODUCTION 


In a number of clinical studies (1-3) the usefulness of 
induced electromagnetic fields in stimulating healing of chronic 
fracture non-unions has been demonstrated. These fields stimulate a 
number of activities including the synthesis of new matrix by 
osteoblasts (4), transcription of genetic information by bone cells 
(5) and other processes associated with fracture healing. In 
addition, DC voltage applied to bones by invasive techniques has 
been reported to stimulate both localized osteolysis (in areas near 
the anode), and localized osteogenesis (in areas near the cathode), 
presumably by alteration of the activity of endogenous bone forming 
and/or bone resorbing cells (6). Externally induced 
electromagnetic fields used for treatment of fractures_produce 
tissue current densities of less than 1 microampere/cm“ and 
associated electric gradients of about 1 mV/cm (2). As yet there is 
limited understanding of the possible mechanisms by which fields of 
this low magnitude (relative to tissue transmembrane potentials and 
cellular impedances) could bring about such significant changes in 
the activity of bone cells in situ. 


In previous studies (4) this laboratory has examined the 
activities of isolated bones and of osteoblast-like cells in 
culture during treatment with induced pulsing electromagnetic 
fields identical to those used for treatment of fractures. Our 
initial findings were that these fields produced substantial 
inhibition of the response of bone cells to parathyroid hormone 
(PTH), a hormone which generally induces osteolytic effects in 
bone. Moreover, the data indicated that the actions of fields were 
localized to the plasma membrane of the cells, interfering with the 
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activation of adenylate cyclase by PTH bound to its cell-surface 
receptor. Based on these findings, we have developed a hormonal 
hypothesis for the mechanism of action of electromagnetic fields in 
bone. This hypothesis suggests that in vivo activation of fracture 
healing may be brought about by induction of localized 
insensitivity of bone cells to the actions of circulating PTH, thus 
leading to a net increase in bone formation in the treated area. In 
the current studies, we have further examined this proposed 
mechanism by studying the effects of fields on individual molecular 
steps of hormone action in bone cells. The current results 
strengthen the indication that electromagnetic fields act by 
changing the properties of the cell membrane, thus changing the 
ability of cells to respond to regulatory factors in their 
environment. The data also suggest that the effects of fields on 
membranes are complex, with marked dependencies on duration of 
exposure and time of measurement of the observed phenomena. These 
findings further illustrate the concept that fields of very low 
energy can exert profound effects on metabolic activities by 
interacting with the transduction of regulatory signals across the 
cell membrane. 


MATERIALS AND METHODS 


To furnish intact isolated bone samples for experiments, 
cranial bones were dissected from 3-day old mice and cultured as 
previously described (7). In other experiments, monolayer cultures 
of osteoblasts were employed using the MMB-1 osteoblast cell line 
isolated by this laboratory (8,9) from primary cultures of mouse 
bone cells. Cells were cultured in Eagle’s MEM medium containing 
10% fetal bovine serum (Gibco), in an atmosphere of 5% CO“ in air 
at 37°C. To furnish replicates for experiments, cells were 
subcultured to multiwell plates (Falcon) either at 20,000 cells per 
25-mm well or at 10,000 cells per 16-mm well. Cells were replaced 
in the incubator and were cultured in control medium for at least 
18 hours before treatment. Dishes to be treated with 
electromagnetic fields were placed in the central space of a 15-cm 
diameter Helmholtz coil attached to a Bi-Osteogen (tm) clinical 
field generator (furnished by Electro-Biology, Inc., Fairfield, New 
Jersey). The coil was placed in a tissue culture incubator, while 
the pulse generator unit remained outside the incubator at normal 
room temperature and humidity. Control cultures were placed in the 
same incubator as the treated cultures, but were isolated from the 
field by layers of styrofoam and stainless steel. These isolation 
conditions produced at least 99.99% attenuation of the field as 
measured by induction probes placed at various locations in the 
incubator (4). 


For measurement of cyclic AMP production, after specified 
times in the fields the culture medium was replaced with fresh 
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medium containing 0.01 mM theophylline. Cells or bones were then 
incubated for 30 min to allow temperature and gas equilibration 
before hormone treatment. PTH was then added for 5 min, after which 
the cells or bones were rapidly killed by exposure to a commercial 
microwave oven (7). Assays of cyclic AMP accumulation or adenyl 
cyclase activity were performed as described previously (4,7). The 
PTH used in these studies was bovine PTH 1-34 synthetic peptide 
(Bachem). The electromagnetic field used for these experiments has 
been described previously (4,10). The waveform of the field 
designated as SPP ("single pulse, patient") is generated by a 
Single pulse of positive current applied to the induction coil for 
325 usec at 18.9 volts, followed by a broad negative "tail" over 5 
msec. The pulse is repeated at a frequency of 72 Hz. This field 
has been used clinically to improve healing of chronic non-unions 
and pseudoarthroses (1). At the level of tissues or cells exposed 
both in vivo and in vitro, the field produces an electrical 
gradient of about 1 mV/cm and a current density of approximately 1 
uA/cm“ (4). The amplitude, waveform and frequency of the field was 
confirmed periodically using a miniature induction coil probe (10). 
In all experiments described here, the cultures were exposed to the 
field continuously for the indicated times prior to testing for 
hormone responses. In experiments where exposure was terminated 
prior to measuring cAMP formation, the field was turned off at the 
generator without disturbing the cultures; incubation was continued 
for the specified periods before addition of hormone and cAMP 
measurement as described above. All experiments were carried out on 
triplicate or quadruplicate cultures, and significance of the 
results was analyzed by Dunnett’s t-test. 


For studies of the binding of PTH to bones, the PTH peptide 
was labeled with I by a chloramine-T procedure and purified by 
HPLC as described previously (11). Bones were incubated at 4°C in 
the presence of radioactive PTH plus increasing quantities of 
unlabeled PTH. All incubations were carried out for 3 hours to 
insure equilibrium binding, after which the bones were washed three 
times with cold saline and counted for bound I. Scatchard plots 
were constructed to measure the binding affinity and number of 
sites for PTH. 


RESULTS 


When isolated mouse bones were cultured in the presence of the 
described electromagnetic field, PTH-stimulated accumulation of 
cAMP was markedly reduced (Table 1), as previously reported (4). 
This inhibition was persistent, as demonstrated by the fact that it 
could be observed for at least three hours after turning off the 
field. It should be noted that in all cases exposure of bones to 
the hormone was for a standardized period of five minutes, 
regardless of the time of exposure to field or the time after 
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turning off the field. In other experiments (not shown) we had 
ascertained that the time course (as opposed to the magnitude) of 
adenyl cyclase activation by PTH was not altered by exposure to the 
field and that five minutes remained the time of maximum 
activation, as shown previously (7). 


TABLE 1 
Cyclic AMP Responses of Mouse Bone to PTH Treatment 
During and After Field Exposure 


cAMP, pmol/bone 


PTH Dose In Field Out of Field 
None 0.3 + 0.1 0.4 + 0.2 
10 ng/ml 0.4 + 0.1 0.4 + 0.1 
30 ng/ml 1.3 + 0.4" 0.7 + 0.2 
100 ng/ml 3.1 + 0.5" 0.8 + 0.3 


Cranial bones from four day old mice were 
cultured for 48 hours in the presence of the 
electromagnetic field described in Methods. At the 
end of 48 hours, some bones were removed from the 
field for one hour ("Out of Field") prior to treatment 
with the indicated doses of PTH. The remainder of the 
bones were treated with PTH while still in the field 
("In Field"). Values expressed are the means + 
standard errors for quadruplicate samples. Asterisks 
denote significant difference (P < .05) between 
treatment groups at a given dose of hormone. The 
values for bones cultured in the absence of any field 
exposure (not shown) were not significantly different 
at any dose from the bones designated as "In Field". 


To our considerable surprise, however, the expected 
field-mediated inhibition of cAMP accumulation was not observed 
when PTH treatment was carried out while bones were still exposed 
to the field, or immediately after removing bones from the field. 
This was in contrast to our previous experiments in this system 
(4), in which PTH treatments had always been carried out 45-60 
minutes after removal of samples from the field. Further 
examination of this phenomenon revealed that no inhibition of PTH 
response could be observed earlier than about 30 minutes subsequent 
to turning off the field (Table 2). The observed inhibition of PTH 
responsiveness reached its maximum within one hour of continued 
culture of bones in the absence of the field, and persisted for 
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approximately four hours, after which normal levels of 
responsiveness were regained. Although unexpected in this system, 
other examples of what might be termed "time-windowing" in the 
effects of electromagnetic fields have been described in other 
systems (see Discussion). 


TABLE 2 
Time Course of Inhibition of PTH Response 
After Termination of Field Exposure 


Time Out of Field cAMP, pmol/bone 

0 3.4 + 0.6 

* 

1 hr 1.8 + 0.4 

x 

2 hr 1.9 + 0.3 

3 hr 1.7 + 0.4" 

4 hr 3.1 + 0.4 

No Field 3.6 + 0.5 


Cranial bones from four day old mice were 
cultured for 48 hours in the presence of the 
electromagnetic field described in Methods. At the 
end of 48 hours, the field was turned off and culture 
was continued for the indicated times before treatment 
for 5 min with 100 ng/ml PTH. For the point 
designated zero time out of field, treatment with PTH 
was for the first five minutes after turning off the 
field. Values expressed are the means + standard 
errors for quadruplicate samples. Asterisks denote 
Significant difference (P < .05) from the "No Field" 
group. The values for bones not treated with PTH were 
not affected by this time course and were consistently 
0.5 + 0.3 pmol/bone for all time points. 


It was of interest to exmine more closely the possible 
mechanisms by which such complex alterations in membrane response 
could be brought about. We had shown in previous studies (4) that 
the total catalytic activity of adenyl cyclase in the membranes, as 
measured by activation with fluoride, was not altered by culture of 
cells in electromagnetic fields. A reasonable alternative 
hypothesis was that the field might alter the number, affinity or 
availability of cell surface hormone receptors rather than the 
cyclase enzyme itself. Consequently, we examined the binding to 
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bone cells of an 1257-1abeled preparation of PTH which has been 
shown (11) to have identical receptor-binding and biological 
activities to the authentic hormone. These studies (Table 3) 
indicated that the field failed to change significantly either the 
number or affinity of receptors for the hormone under the 
experimental conditions employed. 


TABLE 3 


Binding Constants of 1257_prH to Mouse Bone 


* *x* Kk*k* 
Treatment Kp max R 
No Field 1.45 x 107!2 = 55.88 x 107!5 0.82 
Field (14 hr) 2.07 x 107! 9.90 x 107}5 0.78 


* Dissociation constant, molar. 

Maximum binding intercept, moles hormone/mg dry 
bone, 
Correlation coefficient. 

Mouse cranial bones were cultured for 14 hours in 
the presence or absence of the electromagnetic field. 
The bones were then removed from the incubator and 
placed in culture dishes which had been treated with 
poly-L-lysine (1 me/mh) to minimize nonspecific 
adsorption of hormong 0, gach djsh was added 300,000 
cpm of St 2T-PTH (nee “lel ,tyr derivative of bovine 
PTH) and increasing concentrations of unlabeled 
hormone, dissolved in culture medium with 2 mg/ml 
bovine serum albumin. Incubation was carried out at 
4°C (not in the field) for 3 hr. After washing with 
ice-cold saline, the bones were dried, weighed and the 
radioactivity counted. Scatchard analysis was 
performed using a computer program for least-squares 
fitting of the data, plotted as bound/free vs. bound 
hormone (expressed as fmol/mg dry bone). 


Although these data do not eliminate the possibility that 
there might be a more subtle change in the receptor under field 
treatment (e.g., a steric change in some portion of the receptor 
not directly involved in hormone binding), they suggest that direct 
interference with hormone binding is not the major mechanism of 
action of the field. 


The data described above argued at least tentatively against a 
primary role in field actions of two components of the cell 
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membrane hormone-cyclase complex, namely the hormone receptor 
protein and the adenylate cyclase catalytic protein. However, a 
third component also is known to participate in the actions of PTH 
on adenyl cyclase: the nucleotide binding regulatory protein, 
commonly known as the N-protein (12). To determine whether the 
activity of this protein was altered by the field, we examined the 
response of adenyl cyclase to cholera toxin, an agent which 
activates the cyclase molecule by covalently modifying the 
N-protein (12). The results indicated (Table 4) that the field 
produced a significant increase in the ability of cholera toxin to 
activate cyclase in intact bone cells at submaximal doses, although 
there was no significant effect on the maximal level of activation 
attainable at higher doses. 


TABLE 4 
Effect of Electromagnetic Field on cAMP Response 
of MMB-1 Bone Cells to Cholera Toxin 


cAMP, pmol/bone 


Toxin Dose No Field Field (48 hr) 
None 0.6 + 0.4 1.3 + 0.4 
10 ng/ml 1.0 + 0.5 3.7 + 0.8" 
100 ng/ml 1.8 + 0.3 7.8 + 1.0" 
1 ug/ml 6.8 + 1.2 8.3 + 1.3" 


MMB-1 cells were cultured for 48 hours in the 
presence or absence of the electromagnetic field 
described in Methods. At the end of 48 hours, the 
field was turned off and all cells were treated for 20 
min with 5 mM theophylline to inhibit endogenous 
phosphodiesterase, and then for 45 minutes with the 
indicated doses of cholera toxin prior to assay of 
cyclic AMP accumulation (see Mthods). Values 
expressed are the means + standard errors for 
quadruplicate samples. Asterisks denote significant 
difference (P < .05) between treatment groups at a 
given dose of toxin. 


These effects were not observed in rat hepatoma cells exposed 
to the field, although a substantial level of cyclase activation by 
cholera toxin was observed (data not shown). It also should be 
noted that the effects of the field on cholera toxin sensitivity of 
intact bone cells were persistent; the experiments described in 
Table 4 were carried out after at least one hour of culture in the 
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absence of field exposure. Interestingly, however, the effects 
observed on intact cells were not demonstrated in isolated bone 
cell membranes treated with cholera toxin active subunits (data not 
shown), suggesting that some dynamic property of the intact living 
cell membrane might be crucial in the ability of fields to 
influence cell metabolism. 


DISCUSSION 


PTH causes markedly increased levels of cAMP in isolated bone 
and bone cells treated in culture, as demonstrated by numerous 
studies (13). The general direction of metabolic effects of PTH in 
acute doses (as employed in these studies) is toward osteolysis, 
although there appear to be long-term osteogenic effects of low 
doses of PTH as well. Thus, localized interference with the 
short-term osteolytic effects of PTH in vivo might be expected to 
result in a localized increase in bone formation. This in turn 
would be consistent with the observed clinical effects of the 
electromagnetic fields employed in this series of studies. In 
previous studies we showed that, when culture of bone and bone 
cells was carried out in the presence of electromagnetic fields, 
the PTH-stimulated accumulation of cAMP in both intact isolated 
cranial bones and MMB-1 osteoblasts was markedly reduced. This 
inhibition took the form of a significant decrease in the 
sensitivity of the cells to hormone; the concentration of PTH 
required for half-maximal activation of adenyl cyclase was 
increased by 50-100 fold. The observed inhibition of adenyl cyclase 
activation was accompanied by parallel inhibition of subsequent 
intracellular actions of PTH. In the same studies, we found that 
the observed inhibition of PTH-dependent adenylate cyclase 
activation was not caused by loss of cyclase catalytic subunit from 
the membranes. Moreover, the inhibition of cyclase response by 
electromagnetic fields extended to other agents (e.g., osteoclast 
activating factor) which require activation of membrane adenyl 
cyclase for their effects. On the other hand, agents which do not 
appear to act via membrane cyclase-receptor mechanisms (e.g., 
1,25-dihydroxyvitamin D) were not affected. 


In the current studies, we have extended the above findings by 
examining in closer detail the individual steps of the membrane 
receptor-cyclase system. The data reported here indicate that 
fields probably do not directly interfere with the binding of PTH 
to its membrane receptor either in terms of affinity or total 
number of receptors (although we cannot rule out at this point a 
change in the receptor which would not be observed as a change in 
hormone-binding properties). Moreover, the adenyl cyclase 
catalytic subunit itself appears by all measures so far 
investigated to be normally functional in cells treated with 
fields. Our preliminary evidence does, however, implicate the 
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regulatory N-protein as a possible mediator of the actions of the 
field. This protein appears to regulate the formation of a ternary 
complex between three normally non-associated proteins in the cell 
membrane: the hormone receptor (sterically activated by hormone 
binding); the N-protein itself; and the catalytic adenylate cyclase 
molecule, which becomes active as a result of association with the 
N-protein. The activity of the N-protein is apparently under 
multiple influences (12), including its ability to bind GTP and 
other nucleotides. Moreover, there is evidence that more than one 
N-protein may reside in the membrane of a given cell type, further 
complicating the regulatory picture (14). 


It is not as yet clear from our observations what the 
mechanism of field influences on N-protein function may be. A 
direct effect by field-induced voltages or magnetic fluxes on 
protein structure or metabolism would seem to be rather unlikely 
due to the extremely small current and voltage involved (10). Yet 
another important consideration is that effects of the field on 
N-protein function might not necessarily be on the protein itself. 
Changes in the surface ionic properties of the membrane or changes 
in membrane fluidity might change the association properties of the 
N-protein for other components of the receptor-cyclase complex. A 
considerable amount of investigation will be required to examine 
all these possibilities. It is clear, however, that whatever the 
changes in membrane function might be, they are persistent, dynamic 
and specific to individual cell types. 


We cannot as yet explain the significance of our 
observations that bone cell membrane function remains apparently 
intact during exposure to the field, and that field effects only 
become apparent after turning off the field. One possibility is 
that multiple cellular adaptive functions are involved in 
maintaining homeostatic control during exposure to the field; and 
that the observed transient loss of sensitivity to hormone is a 
function of a kinetic disequilibium which occurs during 
readjustment to the absence of the field. It is worthy of note in 
this regard that clinical effectiveness of the fields appears to be 
enhanced markedly by intermittent, rather than continuous exposure 
of fracture sites to the field (1). There is ample precedent for 
persistent changes in membrane properties as a result of exposure 
to low-energy electromagnetic fields, most probably due to 
long-range rearrangements of the ionic layers at (or in the solvent 
immediately adjacent to) the membrane surface (15). 


It is our belief that the current system offers a useful 
model for future examination of the molecular basis of field 
effects at a number of levels, ranging from whole-organ changes in 
metabolism to precise molecular details of hormone-receptor 
interactions and other processes. As such, bone and bone cells in 
vitro may furnish important information both on the basic _ 
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electrochemical processes and on the clinically relevant phenomena 
associated with bioelectromagnetic phenomena. 
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INTRODUCTION 


We first present evidence of genetic effects observed in 
various organisms exposed to radiofrequency (RF) radiation. Then 
we will change the subject and discuss findings on the absorption 
characteristics of DNA in solution. The relation between these sub- 
jects, RF genetic effects, and the strong interactions of RF with 
the DNA molecule is speculative. It is indeed an area ripe for 
theoretical investigation. We conclude this presentation with re- 
marks suggesting that non-linear processes may be a key to under- 
Standing the relation between rapidly thermalizing models in DNA 
and genetic effects. 


REVIEW OF GENETIC EFFECTS 


Genetic effects resulting from point mutations are unlikely 
due to the small photon energies (i.e. 4 X 1074 ev at 10 GHz) 
in the radiofrequency range. Most investigators have not observed 
such phenomena, and in fact, low photon energy is sometimes used as 
an argument for the non-existence of any radiofrequency genetic 
effects. However, RF induced genetic changes other than point 
mutations have been observed. These include nonheritable effects, 


*Contributions to this paper represent work to be submitted in 
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such as effects on gene expression, i.e., alterations in cellular 
functions, which are under genetic control. Heritable changes, 
i.e., RF induced alterations in the number and/or structure of 
chromosomes in somatic animal and plant cells were first reported 
by Heller and Teixeira-Pinto, | almost a quarter of a century 

ago. These findings were confirmed and expanded by many authors, 
C.ge, Heller,2 Kapustin et al.,3 Janes et al. ,4 Yao and Jiles,° 
Stodolnik-Baranska, © Yao,/, 8 Cieciura et al.,? and Chen et al. 10 
(see Leach!! for review). Aberrations which have been observed 
include changes in the number of chromosomes (aneuploidy), formation 
of dicentrics, gaps or chromosome breaks, acentric fragments, and 
translocations. The majority of this work was done at frequencies 
between 2 and 10 GHz. 


All of the above mentioned aberrations are also observed 
when the biological system is exposed to toxic chemicals or ionizing 
radiation (Hirschhorn and Cohen!2). It has been suggested that 
these observed chromosomal aberrations are due to heating of 
the system by RF energy. However, most thermal experimental work 
indicates that heat cell killing occurs before chromosomal 
aberrations can be induced by heat (Dewey et al., 13,14 Westra and 
Dewey !>). Heat does, however, induce point mutations. (Mitler, !® 
Smith and Corwin®). 


There is one observed aberration that is unique to RF energy 
exposure - despiralization - the uncoiling of chromosomes, which may 
suggest the breakage of histone bonds. This despiralization due to 


Figure 1 - Despiralization of chromosomes in rat kangaroo cells 
exposed to 2.45 GHz radiation (Yao and Jiles?”). 
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Figure 2 - Despiralization of chromosomes in human lymphocytes 
exposed to 2.95 GHz radiation (Stodolnik and Baranska®) . 


RF exposure was observed independently by different investigators. 
Yao and Jiles? observed despiralization in rat kangaroo cells 
exposed to 2.45 GHz radiation (Fig 1) and Stodolnik-Baranska® 
observed the same phenomena in human lymphocytes exposed to 2.95 
GHZ radiation (Fig 2). The uncoiling phenomenon, which has been 
described only following microwave exposure, could possibly 
suggest the excitation of modes not apparently coupled to the 
thermal bath, an unusual interaction with the forces holding 
together the DNA and mammalian chromosome material. 


Much research has been done on the response of male meiotic 
chromosomes to microwave exposure. Effects on spermatogenesis as 
well as aberrations such as translocations have been observed by 
Manikowska-Czerska et al.18,19,20,21 by direct examination of 
sperm cells from mice exposed to 915 MHz, 2.45 and 9.4 GHz. The 
genetic significance of these findings has been demonstrated 
by effects on offspring of males exposed at 915 MHz.'2 Dominant 
lethal tests were performed by intrauterine examination of offspring 
resulting from the breeding of exposed male mice with unexposed 
females. Observations demonstrated either an increase in early and 
late fetal death resulting in a decrease of normal live offspring or 
the sterility of exposed males. Similar experiments were performed 
with the same results in at least two other laboratories (Varma 
and Traboulay, 23 Varma et al. ,24 Gould et al25). Negative 
findings were reported by Berman et al2© with rats as the 
experimental subjects. In addition, certain types of translocations 
induced in fathers were recovered in first generation male offspring, 


38 M.L. SWICORD ET AL. 


indicating heritable translocations. (Manikowska-Czerska!®8 and 
personal communication). 


Research has characterized spermatogenesis in mice as a fun- 
tion of time development?/,28, Figure 3 depicts effects of 2.45 GHz 
ratiation onthe numberof divisions of spermatogonia and speratocytes 
I and II as reported by Manikowska-Czerska et al.19,20,. ‘The inde- 
pendent variable is the rate of whole body averaged absorbed energy 
(specific absorption rate or SAR). Dosimetric studies by HO and 
Czerski (unpublished) indicate that the averaged absorbed energy rate 
in the testes was higher approximately by a factor of two than the 
whole body average for the same experimental situations. The rate of 
average whole body absorbed energy ranged from 0.05 W/kg to 20 W/kg 
in these studies. Core temperature measurements showed increases of 
QO.1 to 0.2°C at 20 W/kg. However, measurements of temperature in 
the testes, which is a principal organ of thermoregulation and 
heat dissipation in the mouse, showed,no changes at the highest 
level (20 W/kg) of exposure. Exposures were for 30 minutes a day, 
6 days a week for 2 weeks. The ambient temperature was 24°C, 
the relative humidity was 30% and volume of air flow through the 
waveguide was 15 liters per minute. Examination of cells occurred 
2 days following the final day of exposure. Note the immediate 
decrease in the count of the spermatogonial metaphases (MG) and 
the accompanying decrease of spermatocytes I and II. These 
results become significant at 0.5 W/kg. Metaphases counts in all 
stages increase until there is no observable effect at 5 W/kg. 

The increase continues with increasing absorbed power. At 20 W/kg, 
a decrease in metaphase II counts occurs. This can be explained 
by accumulation of chromosome aberrations at metaphase I and the 
inability of cells to progress from metaphase I to metaphase II. 
Note that an experiment performed at the single level of 5 W/kg 
would find no significant effect. One can only speculate at this 
point as to the reason for the reversal of the effect. However, 
such reversals are not uncommon in responses of proliferating and 
differentiating cell populations or genetic responses to various 
insults. 


For example, recently Aarholt et al.29 reported a reversal 
in the relative rate of 8-Galactosidase synthesis of E. Coli when 
exposed to increasing magnetic field strengths. The fields were 
Square wave modulated at 50 Hz. There was a decrease in the rate 
of synthesis at 0.27 mT and an increase at 0.58 mT and both were 
sharply dependent on field strength. This of course is an 
example of an effect on gene expression to be discussed 
further, and not an example of a change in genetic information 
content (i.e., a heritable change). However, both types of 
genetic effects may possibly take place if the system is exposed 
during the time the chromosome is in a delicate functional state, 
such as meiosis. The translocations observed by Manikowska-Czerska 
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Figure 3 - The effects observed in mice of 2.45 GHz radiation on 
the number of divisions of spermatogonia and 
spermatocytes I and II. 
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et al.19-20 from exposure to 2.45 GHz radiation during 
spermatogenesis. 


The expected occurrence of spontaneous translocation is 
approximately 3 to 9 in 10,000 animals.29 Data of Manikowska- 
Czerska et al. in Table I indicate an occurrence in 7% of cells in 
6 animals examined per group, each animal having at least one cell 
with translocations. The number of translocations does increase 
in a non-linear manner with increases in the intensity of exposure. 


Table 1 


Cell with Translocations in Shams 
and in Experimental Animals 


Dose- Total Cells 
Rate Analysed Translocations 
Total Percent 

Sham 248 0 0 
0.05 mW/g 111 8 7.2 
0.5 mW/g 116 8 6.9 

5 mW/g 214. ) 4.2 
10 mW/g 105 13 12.4 
20 mW/g 122 15 12.3 


Inactivation of repressor molecules with RF radiation and 
the resulting activation of gene expression have been indicated by 
the work of several investigators. Frequency dependent activation 
of colicins genesis was reported by Smolyanskaya et al.31 and 
discussed by Keilmann at this conference. Webb? has reported i 
phage induction by exposure to radiation in the 70 GHz frequency 
range. The work of Aarholt et al.29, quoted earlier, should be 
included, since transcriptions of B-Galactosidase is controlled by 
a repressor protein. In addition, puffing of giant chromosomes 
has been observed by Goodman et al.23 at ELF frequencies, and 
at millimeter wave frequencies by Kremer et al.34 cell 
didifferentiation resulting from exposure to ELF has been reported 
by Chiabrera et al.3° 


One should not conclude from this brief review that radio- 
frequency waves in general produce genetic effects. This is not 


RF FIELD INTERACTIONS WITH NUCLEIC ACIDS 41 


the case. These reported effects are frequency dependent, 
amplitude dependent, and sometimes modulation-dependent. 


For completeness, one should recognize that negative effects 
also have been reported. By-and-large, these negative findings seem 
to be associated with the search for RF induced point mutations. 
Sister chromatid exchanges, which have been suggested as an 
indicator of the probability of the occurrence of point mutations 
were investigated by McRee et al.3© with negative findings. 

Baranski et al.3/, Blackman et al.38, Dardalhon et al.39, and 

Dutta et al.49 have investigated mutations in unicellular 

organisms with negative findings. Mittler4! and Pay et al.42 

were unable to find mutagenic effects in Drosophila. These 

results suggest that point mutations do not occur due to 
radiofrequency radiation, which seems to be a reasonable conclusion. 
However, it must also be pointed out that no systematic examination 
for the induction of point mutations over a range of RF doses has 
been made. 


DNA ABSORPTION 


We now change the subject to a discussion of the microwave 
absorption properties of the DNA molecule. We have extracted puri- 
fied DNA from E. coli using classical procedures (discussed in 
reference 43) and measured its absorption properties (primarily 
in the X-band region) using two distinctly different measurement 
techniques and two variations of the second. The first technique 
has been termed by its originator, Chris Davis, phase fluctuation 
optical heterodyne spectroscopy or PFLOH spectroscopy. 44 
The method was originally developed for trace gas detection. 

We have found the method applicable to the study of microwave 
absorption by aqueous solutions. 45746 Although we applied the 
method in the X-band, 8 to 12 GHz, we feel it will be most useful 
at higher frequencies. 


The schematic arrangement is shown in Figure 4. A Mach-Zehnder 
configuration is chosen as the basic interferometer, although 
others can be used. The light from a single-frequency He-Ne laser 
is divided by a beam splitter (B1) into a signal and reference 
beam and recombined into a collinear beam after traversing 
approximately equal path lengths. The combined signal is directed 
onto a photodetector. The signal beam passes through the liquid 
sample (contained in 1-cm path length cuvette) via a mirror (M2) 
and a second beam splitter (B2), to the photodetector. The 
reference beam passes to the photodetector via mirror M1 and beam 
splitter B2. Mirror M1 is mounted on a piezoelectric transducer 
(PZT) for alignment purposes. The intensity of the signal at a 
point on the surface of the photodetector will be the result of 
the interference of the two recombined beams. Photodetectors, in 
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Figure 4 - Block diagram of PFLOH spectrometer. 


general, are square-law responsive and thus the output signal 

will be proportional to the total incident intensity. Thus, any 
time-dependent phase or amplitude change in the signal beam will 
result in a variation in the intensity, which changes the output 

of the photodetector. For example, absorption of microwaves by a 
liquid sample will result in thermal expansion of the liquid and 
thus a change, or fluctuation, in its index of refraction. The 
fluctuation will cause an effective path length change for the 
Signal beam. The phase change in the signal at the photo-detector 
is fed into a low-pass filter with a cut-off frequency of approx- 
imately 10 Hz. The resulting D.C. signal is amplified and used 

to drive the piezoelectric transducer which supports mirror M1. 
Thus, slow variations in the output signal result in compensating 
adjustment of the reference path length and alignment is maintained. 
Provided induced phase changes are small, the output signal will be 
linearly proportional to the magnitude of the disturbance and can be 
observed on the oscilloscope or the peak value recorded with a peak 
reading voltmeter. 


Microwaves are introduced into the cuvette-contained sample by a 
specially constructed waveguide section depicted in Figure 5. This 
particular waveguide is dielectrically loaded to aid in matching 
microwave energy into the sample and to provide a uniform interface 
to the media. A 0.8 mm-wide slot running along the 5.72 X 2.85 mm 
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Figure 5 - Waveguide exposure system and sample holder. Waveguide 
dimensions = 0.57 X 0.28 cm. 


waveguide allows passage of the laser beam across the narrow dimen- 
Sion of the waveguide parallel to the E field for the lowest order 
mode. 


Measurements can now be made as a function of distance fromthe 
dielectric sample interface. The exponential decay (27~%*) of the 
Signal with distance (x) determines the absorption coefficient (a) 
in the waveguide. For higher dielectric constant materials, the 
waveguide absorption coefficient is approximately the same as the 
absorption coefficients of the unbounded (infinite media) dielectric 
material. Movement in the laser beam was impractical. Therefore the 
waveguide section was moved with the aid of a stepping motor. The 
smallest increment of movement was 2 um. 


A two-millisecond pulse of RF was introduced into the waveguide 
and the resulting PFLOH signal was recorded as a function of distance 
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Figure 6 - 


Figure 7 - 
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Microwave induced PFLOH signals observed in de-ionized 
water. Timescale - 2 msec/div, upper trace - microwave 
pulse, lower traces - PFLOH signals taken at 0.3 
millimeter increments down the waveguide. 
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Absorption of microwaves in methanol as a function of 
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down the guide. A scope trace of the detected RF signal and three 
resulting PFLOH signals detected at three positions in the guide is 
shown in Figure 6. A typical plot of PFLOH signal versus distance 
is presented in Figure 7 for observation in methanol at 11.75 GHz. 
Temperature of the sample was controlled to 0.1 degrees Celcius. 
Note, the calculated value of the attenuation coefficient obtained 
from the slope of the curve. The variability or repeatability of 
measurements was about + 2%. 


Data obtained for water in the 8 to 12 GHz frequency range are 
shown in Figure 8. Results agree with absorption coefficient values 
calculated from reported values of the complex dielectric constant. 
Calculations are made using the relationship. 


2 


a ay a | 
a = | 1/2 —} e¢ —~—{—] -[— + —] e'tand] — 
Cc a b Cc 


Where w is the angular frequency, C is the velocity of light, e' 
and e€" are the real and imaginary parts of the dielectric constant, 
O is the D.C. ionic conductivity, and a and b are the dimension of 
the waveguide. We have used the unusual convention of reporting the 
loss tangent as the sum of two terms emphasizing both conductive and 
dielectric losses. 


Figure 9 shows a composite of data taken on a number of 
solutions. The heavy line through the lower portions of the data 
represents the average of the water absorption data presented in 
Figure 8. Note that the salts(saline, Ringer solutions and very 
impure DNA sodium salt)contributed to conductivity and increased 
absorption at the lower frequencies, but seemed to dilute the 
dielectric absorption properties of water at the higher frequencies. 


The most interesting phenomenon is the considerable increase in 
absorption of the solution containing DNA. We extracted DNA from 
E.- coli by conventional methods and resuspended the extraction at a 
concentration of what we then thought was 17 mg/ml but now believe to 
be much less. The D.C. conductivity of the DNA solution was measured 
and found to be a factor of 23 less than the D.C. conductivity of the 
Saline solution. Thus, there is a 10 or 20% increase in the ab- 
sorption because of a 1% by weight addition of DNA to the solution. 
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Figure 8 - Variation with frequency of the electric field attenuation 
coefficient of water in a waveguide of dimensions 0.572 x 
0.286 cm at 29°. 


A theoretical group at Purdue University has predicted absorption 
modes in DNA in the radiofrequency range.4/,48 A recent letter in 
Biopolymers by Van Zant et a1.49 compared our results favorably 
with theoretical calculations suggesting the presence of critically 
damped longitudinal acoustic modes. 


Critiques of our original findings have suggested that our 
results are due to either peculiarities of the newly developed PFLOH 
system or due to something like Maxwell-Wagner mixing theory. Our 
more recent results indicate that neither is the case and furthermore 
the results can not be interpreted on the basis of classical 
absorption theory. 


We have since employed a second measurement technique, 
dielectrometry, and have improved our biochemical extraction methods 
which produced even more dramatic results. An automated network 
analyzer was available to us at the NCDRH laboratories. This device 
is schematically represented in Figure 10 and details of its 
operation have been described by Athey. 2° Basically, the device 
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Figure 9 - Variation with frequency of the electric field 
attenuation coefficient of DNA, saline, Ringers solution 
and DNA sodium salt in a waveguide of dimensions 5.72 xX 
2-86 mm at 29°C. 


measures the reflection coefficient using the indicated source and 
test sets under computer control. One method of determining the 
dielectric properties of a sample is the shorted line technique first 
described by Roberts and Von Hipple?1 in which the reflection 
coefficient is measured from a sample terminated in a short whose 
electrical length is 1/4 wavelength. The sample holder can be con- 
structed from coaxial components in various lengths, as shown in 
Figure 11. The center conductor shown in Figure 11 determines 

the sample length. Similarly, sample holders can by constructed 

in a waveguide as illustrated in Figure 12. 


In both cases, the output port of the analyzer is terminated 
in a Teflon-filled section. The mismatch due to the Teflon section 
is corrected by a calibration procedure. The Teflon provides the 
reference plane for the network analyzer as well as a flat interface 
for the liquid solution. The waveguide section shown in Figure 12 
determines the sample thickness and is terminated by a short also 
shown. 
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Figure 10 - Block diagram of computer controlled network analyzer. 


System is capable of measuring 


the complex reflection coefficient from the sample at specified frequencies and 


calculating the absorption coefficient. 
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Figure 11 - Coaxial component sample holder for shorted line 
technique dielectric constant measurements. 


Figure 12 - Waveguide component sample holder used for shorted line 
technique dielectric constant measurements. 
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The complex dielectric properties of the sample can be deter- 
mined from the reflection coefficient and one can then calculate the 
absorption coefficient using the equation previously shown. An 
indictation of the type of results @btained with an estimated accuracy 
of 5%)is presented in Figure 13. 


We attempted to improve the quality of the DNA used by purchasing 
purified E. coli DNA. Our initial results with the purchased material 
indicated no significant change in the absorption coefficient from the 
values obtained for the solvent. Being uncertain of the quality, 
we returned to our own extractions and again saw significant increases, 
confirming our earlier results. After standardizing the extraction 
procedure with one individual (Strickland) performing the extractions, 
we began to consistently (from preparation to preparation) observe the 
results presented in Figure 14. 
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Figure 13 - Typical results showing the variation of the calculated 
absorption coefficient as a function of frequency using the 
coaxial sample holder. 
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Figure 14 - Variation with frequency of the electric field 
attenuation coefficient for E. coli DNA in 9 mg/ml saline 
solution for 7 mg/ml and 4.7 mg/ml of DNA. 


As in Figure 9, the frequency range is from 8 - 12 GHz. Avery 
Significant increase in the absorption of the DHA solution above the 
solvent is observed. The difference in solution and solvent 
increases with frequency as opposed to the slight decrease observed 
in the PFLOH results. This difference is believed to be principally, 
if not entirely, due to differences in sample preparations, although 
one might speculate as to differing responses of the two measurement 
methods. 


The importance of sample preparation was brought dramatically 
home when we obtained the service of a visiting biochemist from 
Argentina, Jose Sagripanti. We asked Dr. Sagripanti to improve on 
our extraction technique and prepare pure samples of DNA in which we 
expected to see greater increases in the absorption coefficient. 
After the first measurement of his carefully prepared samples, we 
were surprised to observe very little increase in the absorption 
of the DNA solution over the solvent. Since the preparation method 
was more gentle, we assume the strands to be much longer. We had 
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Figure 15 - Variation with frequency of the electric field 
attenuation coefficient of 1.75 mg/ml of E. coli DNA in 
9 mg/ml saline solution for increasing time (indicated 
in figure) of exposure to 0.1 mg of DNAase and 10 
mg/ml MgClo per ml of solution. 


incorrectly assumed that the longer strands would interact more 
strongly. Since this was not the case we presumed that treatment of 
the longer strand DNA with an enzyme, which broke the strands into 
smaller segments, would increase the absorption characteristics of 
the solution. The new DNA preparation was treated with 100 Ug/ml of 
DNase I (an endonuclease) and the absorption properties were observed 
as a function of time. These results are depicted in Figure 15. As 
the enzyme acted on the DNA, presumably creating shorter and shorter 
chain lengths, the absorption coefficient increases to almost a 
factor of two above the solvent at eleven GHz. The DNA concentration 
is 1.75 mg/ml; again a very highly concentrated solution yet less 
than 0.2% DNA by weight. Not showninthis figure is the result of 
continued enzyme activity. As enzyme activity continues, the absorp- 
tion will decrease back to the value of the solvent. 


Resonant absorption dependent on chain length is certainly in- 
dicated. The results presented here are due to random lengths 
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distributed about a mean which decreases with time.” We have 
continued our investigations using the “antenna probe" method 
described by Athey. 9 The preliminary results using this third 
measurement technique further substantiate our earlier findings. 45 

To date we have not successfully isolated and measured the properties 
of a specific chain length. However, preliminary studies indicate 
that a chain length that is resonant in the X-band region contain 
less than 2000 base pairs. °2 


CONCLUSIONS 


1. There is evidence to demonstrate that under certain exposure 
conditions RF energy may affect the genetic control of cell function, 
(gene expression and activation) including cell differentiation. 

Such effects should be investigated further because of far-reaching 
Biological implications and for potential beneficial applications in 
medicine and industry. 


2. There is evidence to demonstrate that under certain exposure 
conditions RF energy may induce chromosomal aberrations both in 
somatic and germ cells. Further studies are necessary to establish 
dose-effect relationships and the dependence of these effects on 
frequency and modulation. 


3. Both theoretical considerations and experimental data demonstrate 
that the DNA molecule reacts strongly with radiofrequency wave 
radiation. The induction of dipole moments along the chain producing 
longitudinal acoustic vibrational modes seems plausible. These 
interactions appear to be broad in frequency. The presence of 
hydrogen bonds along the DNA chain and histone bonds in the mammalian 
chromosomal system may provide the nonlinear interactive forces 
these could lead, as in the Davydov-Alpha-Helix-protein model, to 

the formation of robust solitary waves. The dispersive-vibrational 
modes reported here (on purified DNA and not the mamalian chromosomal 
system) are certainly energetic enough to drive a soliton generating 
process, provided that non-linear modes exist in the molecule and 
that the coupling to these modes is strong. 


*It was suggested at the time of presentation by H.P. Schwann and 
H. Frohlich that the increased absorption may be in part due to bound 
water. This hypothesis should be experimentally tested. 
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ABSTRACT 


This talk describes experimental results which prove that 
microwaves can interact with biological cells in a nonthermal 
manner. It is shown that observed microwave effects differ 
strongly from those obtained by applying other Types of energy 
instead of microwaves at equivalent rates. The two most intriguing 
aspects of the interaction are that there exists an intensity 
threshold above which the effects appear, and that the effects are 
different for minute changes of microwave frequency. A step-like 
intensity dependence is paired with a resonant frequency depen- 
dence. The latter is described by a quality factor of about 10 . 
The effects are as yet unexplained. The locus of interaction is 
not known. It is however remarkable that both an intensity 
threshold and a resonant behaviour are predicted in H. Frohlich's 
hypotheses of coherent excitations in biology. 


INTRODUCTION 


The possibility of microwave biological actions beyond those 
based simply on microwave heating has been much debated. This 
question is of fundamental interest (of course there is also the 
aspect of radiation protection (1). We shall address, as in 
previous papers (2-4), experimental techniques and results obtained 
with microwaves in the millimeter range, i.e. frequencies above 30 
GHz. 


Historically, nonthermal millimeterwave bioeffects were 
independently discovered by Webb (5) and Devyatkov (6) and their 
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collaborators. Validity of these results has been questioned since 
then, for various reasons. For example, a criticism was that the 
reports did not contian sufficient detail to rule out standing wave 
resonances of the transmission lines. Attempts to reproduce Webb's 
results succeeded in one case (7) but failed in another (8). 


Further work (see references in 11) was done in the USSR, USA 
and FRG. Studies in USA did not answer positively the question of 
nonthermal millimeterwave bioeffects. On the other hand, a _ 
considerable number of positive results were compiled in the USSR 
Academy of Sciences but it was only recently that we became aware 
of these studies (9). In Germany (10-13), activity was spurred by 
the theoretical work of Frohlich (14), to be discussed in detail at 
this meeting. 


Since our original discovery of unexpectedly sharp resonances 
in the microwave spectrum for responses in yeast cell growth (10), 
we have concentrated on corroborating these findings, with positive 
results (11). We are grateful to L. Genzel and the Deutsche 
Forschungsgemeinschaft for their support. Regarding future 
activities, I take this opportunity to announce an international 
symposium devoted solely to experimental procedures in studies of 
low-level millimeterwave bioeffects, to be held in Herrsching, 
September 4-6, 1983. 


MEASUREMENT OF YEAST GROWTH 


Yeast cells which are a few micrometers in size were suspended 
in growth medium. The suspension was constantly stirred to avoid 
settling. With an optimum nutritional environment, the cells 
coupled roughly once every hour. We observed the growth by 
recording optical density or turbidity (15) in a spectrometer at 
550 nm. The output signal Vo was amplified logarithmically and 
continuously recorded versus time. A straight line indicates 
exponential growth (yeast cells are not synchronized). The slope 
of this line was read with + 1% accuracy and gives directly the 
exponential growth rate =t ln V,.. Two photometers were 
employed for simultaneous irradiation and control experiments. 
Without irradiation, the fluctuations between both measurements 
stayed within + 4%. This allowed measurement with great signifi- 
cance of microwave induced alterations in growth rate of roughly 
10%. 


MICROWAVE-INDUCED TEMPERATURE RISE 


The temperature rise induced at an irradiation intensity of 10 
mW/cm can be as large as 5.5%C. This was estimated (3,4) for the 
cases where only two cooling mechanisms contribute, namely infrared 
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emission and passive air convection. The experiments (5-13) used 
incident intensities between 10 W/cm and 10 mW/cm . This 
required additional cooling techniques at the high end of this 
intensity range, to ensure that microwave-induced temperature 
increments stayed below some insignificant value, e.g. 0.1 or 0.01 
C. In practice, this goal was reliably achieved by heat conduction 
in water. All that was necessary was to immerse the specimens in 
water, which was also heat~sinked, preferably by a good heat 
conductor such as sapphire (3). In our yeast experiment this 
heat~sinking was designed for a measurable but small temperature 
rise of the order of 0.3 C, since this allowed a quite direct 
measurement of the absorbed microwave energy. 


IMPOSSIBILITY OF MICROSCOPIC HOT SPOTS 


It has been argued that this microwave energy absorbed locally 
in some cellular of subcellular unit might lead to significant _ 
local overheating. This can be rigorously ruled out (3,4) by two 
findings. First, there exist upper limits on the specific absorp- 
tion rate or power absorption per unit volume, as determined from 
spectroscopic considerations. Secondly, conduction cooling 
increases in efficiency as the exposed volume shrinks. An excep- 
tion could only occur in the hypothetical case that the absorbing 
unit was somehow thermally isolated from its surroundings. 


TRANSMISSION LINE RESONANCES 


The high coherence of common microwave sources leads to 
standing-wave problems typical of most microwave applications: 
even small reflections at source and target suffice for build-up of 
transmission line resonances. One consequence of importance to our 
work is that even small relative changes in either microwave 
frequency or in length of transmission line drastically alter power 
deposited in the target (3,4). If paired with a thermal microwave 
effect, for example, this can lead to artefactual resonances, with 
roughly 100 MHz spacing with usual transmission line lengths (3,4). 
In our yeast experiment these difficulties were dealt with by (1) 
using calorimetric determination of absorbed microwave power as 
described above, and (ii) by using bidirectional couplers to 
measure incident and reflected power. 


EXPERIMENTAL RESULTS 


A long series of repeated yeast growth experiments (11) 
resulted in the response spectrum shown in Fig. 1. In each 
experiment the frequency was stabilized to an absolute accuracy 
within + 1 MHz. Statistical calculations (11) showed an over- 


62 


F. KEILMAN AND W. GRUNDLER 


NORMALIZED 

GROWTH RATE 
l2 
1] 


H| * +. 
| 1, UF : : 
+ ‘i 5 ty Tse mel 
Pty! | eee Plain! are My 1 | LU 
VO. faba gyn Gp Btad ae if Neer erties inal 
+ . ' | 1| # tL! | 
a 1 of + 


a] 


09 


' FREQUENCY 

~&I700 41800 MHz 

Figure 1. Nonthermal effect of microwave 
irradiation on the growth rate 
of yeast in suspension, versus 
the microwave frequency. The 
curve is obtained by a single 
three point smoothing procedure. 
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whelming probability that this spectrum did not originate from 
random fluctuations, but revealed a truly frequency-depdendent 
microwave effect. The possibility of artefactual resonances 
(originating in standing wave resonances of the waveguide system) 
was not only ruled out by theoretical considerations noted above. 
In addition, two quite different microwave antennae were employed 
(11) to obtain the data shown in Fig. 1. If standing wave reso- 
nances had exerted an influence, the frequencies of the growth rate 
resonances would have shifted. This did not occur. 


Experimental points in Fig. 1 were not obtained at a constant 
power setting. The absorbed power was constant in a given experi- 
ment but varied between runs over a range from 6 to 38 mW. In an 
attempt to determine power dependence of the microwave effect, we 
replotted (11) all experimental points vs. power, irrespective of 
frequency. This plot did not reveal any correlation, an observa- 
tion which by itself speaks for the nonthermal nature of the 
effect. On the other hand we noted a very interesting flat power 
dependence when the frequency fixed was kept constant (at 41782 
MHz): the effect remained constant irrespective of absorbed power 
over the range 4 to 22 mW. This denotes the existence of an 
intensity threshold. However, its value cannot be accurately 
determined because of the inhomogeneous intensity distribution in 
the yeast suspension. 


OUTLOOK 


The narrow width of resonance observed in our experiment, 
together with a flat power dependence prove the existence of a 
nonthermal microwave sensitivity inherent in yeast cells. This 
enhances evidence in favor of similar reports from other biological 
specimens (5-13). The question of generality of such a sensitivity 
in biology can be posed. 


The significance of such a sensitivity can only be answered 
when more is known of possible interaction mechanisms. Far- 
reaching consequences for our understanding of biology would follow 
in the event that future experiments support the basic conjecture 
of Frohlich (14) in further detail. Microwave resonance would then 
indicate an active role for long-range interactions, complementing 
in living cells previously known short-range chemical forces and 
diffusional motions. 


We are now trying to answer experimentally a series of 
physical and biological questions. These encompass shifting the 
resonances by application of external parameters and fields or by 
variation of the biological species. Preliminary tests with yeast 
cells fixed on agar (16) seem to show no shift in resonant fre- 
quencies. This method allows both a well-defined homogeneous 
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irradiation intensity. By microscopic inspection of individual 
cells, it will be possible to study dependence of these microwave 
effects on the cell cycle phase. 
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ABSTRACT 


Results obtained in vitro or by biochemical, pharma- 
cological and behavioral studies suggest that nervous 
tissue is affected by exposure to extremely low frequency 
electromagnetic fields. The present report summarizes 
research performed during the last few years mainly using 
light and electronmicroscopic and immunohistochemical 
methods. 


Long term exposure of animals, i.e. rabbits, pigs, 
rats and mice, at moderate to high intensity: electromag- 
netic fields (50 or 60 Hz) results in Significant reac- 
tive changes in the nervous tissue. The animals were 
exposed either during their first four weeks after birth 
or during their fetal life and then up to about 4 weeks 
of age. 


We chose the cerebellum as the structure to be stud- 
ied in detail because it is very regularly organized and 
shows only limited variation in structure between, adjacent 
cells of the same type. 


Both the cell body and the radiating processes of 
Bergmann's glial cells showed extensive changes as did 
astrocytes in the granular layer and white matter. Lam- 
ellar bodies, i.e. rebuilt endoplasmic reticulum, could 
be seen in large number in Purkinje nerve cells from rab- 
bit, but not in specimens from rodents. We observed 
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cytoskeletal alterations in most Purkinje nerve cells. 
Thus, in principle, similar changes were induced in all 
animal species examined. 


Immunohistochemical methods for demonstration of 
glial reactions enable us to confirm that central nervous 
tissue is significantly affected by long term exposure 
to power line frequency electromagnetic fields. The 
mechanisms causing the described changes are not known 
but are certainly non-thermal. 


INTRODUCTION 


During last years increasing evidence has been pre- 
sented indicating significant biological effects on animals 
and humans exposed to extremely low frequency (ELF) electro- 
magnetic fields (Sheppard and Eisenbud, 1977; Adey, 1981; 
Becker and Marino, 1982; Sheppard, 1983). 


The nervous system may be affected both by acute and 
long term exposure not only in vitro but also in vivo. 
The circadian rhythm and its related metabolic processes 
are further significantly altered due to chronic exposure 
to low levels of power frequency electric fields (Wilson 
et al., 1982). 


We have previously demonstrated a strongly increased 
frequency of nerve cell changes in the cerebellum and 
other areas in the brain of rabbits exposed to 50 Hz 
electromagnetic fields (Hansson, 1981 a, b). However, 
the significance from structural and functional points of 
view of the various neuronal effects described were not 
known. 


In the mammalian nervous system there are intimate 
interactions between nerve cells and their surrounding 
and supporting glial cells. Any significant affection of 
either cell type is likely to cause changes in the other 
interacting cells 


Therefore, we decided to investigate in detail with 
immunochemical, immunohistochemical, light and electron 
microscopic techniques whether the most frequent support- 
ing cell type in the central nervous system, i.e. astro- 
cytes, showed reactive changes. Specimens from several 
different species were examined in order to elucidate if 
a common reaction pattern could be demonstrated. 
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A prerequisite for being able to resolve even dis- 
crete glial changes in nervous tissue is to examine re- 
gions which are organized in an exact way, allowing easy 
identification of various cell types. Furthermore, only 
limited variability should occur between adjacent cells 
of the same type and in the same position. The cerebellum 
offers a unigue system fulfilling these basic criteria 
(cf. Palay and Chan-Palay, 1974). 


The observations to be reported as results of co- 
Operative studies with several different laboratories 
Support our initial working hypothesis that exposure 
of animals to power line electromagnetic fields of 
moderate intensities for longer time periods signifi- 
cantly affects the nervous system as reflected by re- 
active glial changes. 


RABBITS 


Lop-eared and albino New Zealand rabbits were reared 
either outdoors in a 400 kV substation or indoors in a 
laboratory. They were kept in plastic cages which were 
checked not to interfere with the electric fields and had 
free excess to water and food. We have examined brains 
from animals exposed either during both their fetal de- 
velopment and first 4-6 weeks postnatally or from birth 
up to the age of 6 weeks. The dam and her offspring, 
reduced to 6 or 7 at birth, were kept in the same cage. 
All experiments were done at 14 kV/m, 50 Hz and the ex- 
posure was only interrupted for one hour per day to enable 
animal care. In parallel, two different control experi- 
ments were performed, i.e. rabbits were kept in cages 
surrounded by grounded metallic nets or beyond measur- 
able electric fields. At least twelve brains from animals 
(i.e. two groups) from each exposure system and their 
corresponding controls were examined. 


The rabbits exposed to electric field outdoors did 
not gain weight as their corresponding controls (Hansson, 
1981 a, b). However, those exposed to the same electric 
field intensity, i.e. 14 kV/m, indoors did not differ 
Significantly from the controls with regard to growth 
rate or weight. We therefore presume that the extra 
stress on the exposed animals due to the fairly rough 
climate added by the outdoor exposure is a main cause 
for the weight difference. 


Rabbit brains for light and electron microscopic 
examination were fixed by transcardial perfusion with 
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buffered glutaraldehyde, postfixed in osmium tetroxide 
and then embedded in epon. 


Previously reported results (Hansson, 1981 a, b) 
could be confirmed in these later series of experiments. 
Briefly, the Purkinje nerve cells showed reduced diameters 
as compared to those in the controls. A striking observat- 
ion was the large number of lamellar bodies, i.e. rebuilt 
endoplasmic reticulum, present in the exvosed but rare or 
absent in the controls. This difference is consistent 
even if the endoplasmic reticulum and cytoskeleton of 
rabbit Purkinje nerve cells are liable to rapid changes 
if not adequately fixed. Our results indicate large 
numbers of lamellar bodies only are observed in Purkinje 
nerve cells with extensive alterations of their cytoskele- 
ton, presumably reflecting structural and, probably, func- 
tional interconnection. Furthermore, glial reactions were 
Obvious when comparing the structure and relative surface 
area of astrocytes in specimens from exposed rabbits and 
those from controls. 


Immunohistochemical studies on the distribution of 
the S-100 protein, a marker for protoplasmic astrocytes, 
revealed altered distribution of the Bergmann glial cells, 
interposed between adjacent Purkinje nerve cells. The 
cell bodies of these astrocytes further were more spherical 
and showed only few processes emerging from the perikaryon 
towards the leptomeningel covering of the cerebellum of ex- 
posed rabbits as compared to controls. The S-100 immuno- 
reactive material was more concentrated in the astro- 
cytic nuclei and perinuclear region in sections from ex- 
posed rabbits as compared to the strictly cytoplasmic, 
diffuse distribution of this marker in the controls. 


The gliofibrillary acidic protein (GFA) was used as 
a marker for fibrous astrocytes as well as for the super- 
ficial parts of the glial radiating fibres in cerebellar 
section, using immunohistochemical techniques. The 
exposed rabbits were observed to have an increased number 
of astrocytes both in the granular cell layer and in the 
white matter of cerebellum as compared to the controls. 


It may therefore be concluded that long term exposure 
of growing rabbits to power line electromagnetic fields 
of moderate intensity results in both neuronal and neuro- 
glial reactive changes. These results are further support- 
ed by the preliminary results from immunochemical studies 
on the concentration of S-100 related both to cerebellar 
protein amount and wet weight, indicating increased amount 
of the glial protein in the lateral parts of cerebellum 
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from exposed animals (unpublished observations). 


RATS 


In order to further elucidate whether the neuronal 
and neuroglial changes observed in the cerebellum and 
other parts of the brain of rabbits exposed for long time 
periods to moderate to high ELF electric fields could be 
reproduced in other animal species, a study was performed 
using albino rats. The dams and their offsprings were ex- 
posed for four weeks to powerline type (60 Hz) electric 
fields (14 kV/m) starting from birth of the sib 
Thereafter, the small rats, exposed and controls, were 
examined by light and electron microscopic techniques as 
well as fluorescence microscopy using the glial proteins 
S-100 and GFA as markers. 


The distribution of GFA immunoreactive astrocytes 
turned out to be a useful indicator of effects on the 
nervous system induced by long term exposure to electric 
fields. The scattered fibrous astrocytes observed in the 
granular layer of the cerebellum in the controls, sham- 
exposed and cage controls (Fig. la) became markedly in- 
creased in both number and size (Fig. lb). The most pro- 
minent increase was noted in the lateral hemispheres of 
cerebellum (Figs. la, b). In the posterior vermis the 
increase in number of immunoreactive cell bodies increased 
with a factor of at least two (Fig. 2). Furthermore, the 
dimensions of their perikarya increased as did the number 
of processes encircling the many small nerve cells in the 
granular layer. The astrocytes in the white matter also 
showed similar changes, i.e. increase with regard to both 
their number and size (Fig. 2b). Studies are in progress 
in order to evaluate whether similar changes also take 
place in other regions of the nervous system. 


In parallel, other sections were examined by immuno- 
fluorescence microscopic methods for the distribution of 
S-100 immunoreactive cells. The Bergmann glial cells 
(Fig. 3) became beautifully labelled. It was con- 
firmed that there was an increased number of such cells 
in specimens from exposed rats as compared to controls. 
Similar to the changes observed in the cerebellum of ex- 
posed rabbits, the S-100 reactivity was concentrated to 
the nuclei and immediate perinuclear cell region, reflect- 
ing that the number of radiating processes from each cell 
body was decreased (Fig. 3b). 


Light and electron microscopic examination of epon- 
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Fig. 1: Fluorescence micrograph of cerebellum from rat, 
processed for demonstration of gliofibrillary acidic pro- 
tiens(GFA). la; Cage control. Scattered astrocytes with 
delicate processes seen adjacent to Purkinje nerve cells 
(P). Bergmann's radial glial(B) processes extend through 
the molecular layer. 1b; Exposed for 4 wks. 14 kvV/m 60 Hz. 
Increased number of reactive astrocytes (arrow), partly 
encircling Purkinje nerve cells(P). Note the extensive 
meshwork of astrocytic processes in the granular cell 
layer (arrowhead). Lateral hemispheres of cerebellum. 
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Fig. 2: Fluorescence micrograph of posterior vermis of 
cerebellum from rat exposed to 14 kV/m, 60 Hz for 4 wks. 
An increased number of large, multipolar astrocytes (arrow) 
extend from the Purkinje nerve cells(P)through the granu- 
lar cell layer into the white matter(w)as seen in low 
magnification (2a) and at higher magnification (2b). 
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Fig. 3: Fluorescence micrograph of posterior cerebellar 
vermis of rat exposed for 4 wks from birth to 14 kV/n, 

60 Hz processed for demonstration of the calcium-binding 
protein s-100. Intense staining of increased number of 
Bergmann radial glial cells(arrow)among the Purkinje nerve 
cells(P), looking like dark holes. 3b; Higher magnifica- 
tion shows more detail of the glial processes to the rt. 
and the granular cell layer to the lt. 
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embedded specimens confirmed the glial reactive changes 
described. Interestingly enough, the Purkinje nerve cells 
turned out to contain extremely few lamellar bodies, so 
frequent in corresponding rabbit cells. However, cyto- 
Skeletal alterations as reflected by the distribution and 
number of filaments and microtubules, were observed as 
were changes in exposed rabbits. 


MICE 


Albino mice were exposed to electric fields (60 Hz, 
9.44 kV/m) from birth up to the age of four weeks. Their 
weight gain and behaviour were checked to see whether the 
exposure induced any differences as compared to controls. 
Thereafter, specimens from different parts of the nervous 
system including the cerebellum were examined as for the 
rabbits and rats. 


For mice, immunohistochemical analysis of the distri- 
bution of the S-100 protein turned out to be the best 
marker of reactive glial changes in the cerebellum. The 
Bergmann glial cells increased in number and size. Further- 
more, they showed the same conspicious change in distribut- 
ion of S-100 immunoreactive material as previously describ- 
ed, i.e. the normal cytoplasmic diffuse distribution was 
replaced by enrichment in the nucleus. The astrocytes in 
the cerebellum of the mouse display only faint immunoreac- 
tivity for the GFA protein, which thus turned out not to ke 
as suitable as a second marker of glial reactive changes. 


Morphological evaluation of the glial cells using 
light and electron microscopic methods confirmed the pre- 
sence of glial changes. However, in mice as in rats the 
lamellar bodies did not enable proper identification of 
exposed animals due to their very low frequency. Studies 
are in progress to evaluate morphometrically the cyto- 
skeletal changes observed in especially Purkinje nerve 
cells as well as pyramidal nerve cells in hippocampus. 


PIGS 


Hanford mini pigs were exposed for months to elect- 
ric fields (60,Hz, about 30 kV/m, 21 hrs per day) at the 
Batelle Northwest Pacific Laboratories in Richland, Wa. 
Specimens of brain tissue fixed by immersion became avail- 
able for examination from three exposed pigs and one 
control. Preliminary results from this pilot study indi- 
cate that glial reactive changes similar to those describ- 
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ed above were induced. There is a marked increase in the 
number of GFA immunoreactive astrocytes in the vermis 
posterior of cerebellum (Fig. 4). The Purkinje nerve 
cells are encire led by numerous astrocytes, i.e. Berg- 
mann glial cells (Fig. 4b). Furthermore, the density of 
the glial meshwork in the granular cell layer is increased 
(Fig. 4a). The S-100 immunoreactivity is fairly low and 
therefore the few specimens available does not allow firm 
statement about possible differences. The electron micro- 
scopic studies were impaired by the artefacts induced 

by the fixation procedure used. 


Thus, the limited number of specimens available seems 
to indicate effects on the nervous system by long term 
exposure to electric fields. We are continuing with 
studies on specimens from more pigs, exposed and control, 
in order to be able to make firm statements of the sig- 
nificance of the glial reactions observed. 


COMMENTS 


A consistent finding in the several studies reported 
was the occurrence of reactive glial changes in both the 
gray and white matter of the cerebellum. There was not 
Only an increased number of glial cells but also increased 
Size of the meshwork of processes observed especially in 
the cortical layers. However, considerable variations 
were noticed reflecting species differences as well as, 
to a certain extent, regional variations. It is likely 
that these changes are due to disturbed interaction be- 
tween glial cells and nerve cells. However, we do pre- 
sently not know whether the glial changes are the primary 
ones or secondary. Further studies are in progress to 
elucidate this important question. 


Recently, Wilson et al. (1982) reported significant 
effects on the melatonin hormone secretion in rats after 
long term exposure to electric fields. Interestingly 
enough, there does not seem to be any difference in the 
responses to electric field intensities of 65 kV/m vs 
1.2 to 1.3 kV/m. The exposure time factor was more im- 
portant as Significant effects were observed only after 
three weeks. In the present study we observed very simi- 
lar glial changes independent of species, frequency (50 
or 60 Hz) or intensity. The shape and size of the bodies 
of rabbits, Hanford mini pigs, rats and mice are very dif- 
ferent and ought to result in considerable difference in 
field enhancements (Kaune et al., 1981). The currents 
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Fig. 4: Fluorescence micrograph of posterior cerebellar 
vermis of a Hanford mini pig exposed long term to about 

30 kV/m, 60 Hz, processed for demonstration of GFA. Glial 
cell bodies and processes are seen in strongly increased 
frequency along the Purkinje cell layer(P) and form a net- 
work in the granular cell layer(below, rt.) being more 
extensive than in the control. This is shown in higher 
magnification in 4b, in which the encircling of Purkinje 
nerve cells by astrocytes is obvious. 
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both at the surface of the animals and within their bodies 
are very different. These results indicate that the expo- 
sure schedule and time factors play key roles with regard 
to induction of effects on nervous tissue. 


Our present studies are mainly concentrated upon the 
study of the interaction between the nerve and glial cells 
as well as the possible role of the blood vessels. Immuno- 
chemical, biochemical and pharmacological techniques will 
be used in addition to the morphological and immun histo- 
chemical ones. Furthermore, extensive morphometric evalu- 
ation of the structural changes observed are in progress, 
hopefully enabling us to evaluate the significance of the 
changes observed and possible health hazards. 
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NEUROTRANSMITTER RELEASE STIMULATED IN A CLONAL NERVE CELL LINE 
BY LOW INTENSITY PULSED MAGNETIC FIELDS 


G. Rein and R. Dixey 
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St. Bartholomew's Hospital West Smithfield 
London, ENGLAND 


Because of our growing interest in the biological activity of 
electromagnetic fields (EMF), we have set out to establish a model 
system for studying their mechanism of action at the molecular 
level. Although in vitro preparations of bone (1,2) and nerve 
cells (3-6) have been used, the populations are heterogeneous and 
direct effects on specific membrane events are difficult to 
monitor. Isolation of specific cell types has been used for red 
blood cells (7). Separation of neuronal cells, however, requires 
elaborate time-consuming techniques which are likely to affect the 
integrity of the membranes in the final preparation. Single cell 
clonal lines of neural crest tumors in culture are likely to be 
useful, since they express many properties associated with normal 
mature adrenal chromaffin cells (8-13). Neuroblastoma cells are 
an example of one such line which is being used for EMF studies 
(14). Recently, Greene and Tischler developed a more differen- 
tiated clonal line, PC12, derived from a rat phaeochromocytoma (12) 
which also exhibits properties of sympathetic neurones including 
calcium dependent release of neurotransmitters (8,9,11). 


We have previously reported (24) that a 500 Hz signal applied 
to a helmholz coil arrangement stimulates (~H)-noradrenaline 
release from these cells, and here summarize those findings and 
discuss the limitations as well as implications of this experimen- 
tal approach. 


A magnetic field was generated by passing current through a 
pair of concentric 400 turn coils wired in parallel. These were 
separated by 14.7 cm, and the experimental dishes placed sym- 
metrically about their midline, at 4.97 and 9.75 cm. The waveform 
of the applied signal is shown in Figure 1. This waveform was the 
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result of using a pulse generator and driving circuit similar to 
that used in clinical trials for the treatment of non-union 
fractures in Newcastle and London (15). The generator gives a 
train of square pulses with a range of different pulse durations, 
frequencies and intensities. The changing magnetic field induces 
currents in the dishes, which decrease to zero at the center. The 
range of currents so induced was consequently limited to within 20% 
of the mean by glueing a smaller dish in the center of the larger 
(60 mm o.d.) petri dish, and plating cells in the annular channel 
so formed (16). 
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FIGURE 1 


For these experiments we used a pulse width of 0.6 ms, with 
1.4 ms between each pulse, giving an overall frequency of 500 Hz. 
The current waveform was smoothed due to the large inductance of 
the coils. The applied magnetic field will have the same form as 
the current in the coils and can be calculated from the geometry of 
the coils and the current (17). The maximum field applied to the 
sample was 8.5,x 10 " Webers m~ (8.5 gauss) and the minimum 1.6 x 
10  Webers m~ (1.6 gauss). The rate of change of the magnetic 
field, calculated from the vol tage_jnduced in a search coil, varied 
between +1.8 and -0.9 Webers m ~ s ~, and the calculated ¢ircu- 
lating eddy cuprent density varied between +0.025 amps m ~~ and 
-0.913 amps m —, inducjng an electric field ranging from +3.8 x 
10 ~ V/m to -1.9 x 10 ~ V/m. 
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PC12 cells were maintained in culture using DMEM mediym sup- 
plemented with Donner calf and horse serum. We measured (~H)- 
noradrenaline release by using logarithmic phase cells, plated on 
collagen, through a modification of Greene and Rein (9). After a 
2-hour uptake period, the cells were washed at 30 minute intervals 
for 3 1/2 hours to deplete cytoplasmic (~H)-noradrenaline stores. 
A washout curve was enumerated (Figure 2) by changing the medium at 
15-minute intervals and measuring the radioactivity of the nora- 
drenaline in the extracellular medium. In order to avoid high 
values due to cells dislodging during the medium changes, al] 
samples were centrifuged at 2200g for 5 minutes prior to the assay 
for radioactivity. The pellets were solubilized and counted 
separately. At predetermined 105 and 120 minute time periods the 
cells were placed between the coils, and exposed to the magnetic 
field for 13 minutes. At all other times the cells were placed in 
a mumetal box to shield from stray magnetic fields present in the 
incubator. 


In all 10 trials where the EMF was applied, release values 
counts per minute (cpm) obtained at 105 and 120 minutes were always 
higher than the values obtained from the two preceding time 
periods. In order to estimate the extent of the observed stimula- 
tion, the first six release values for all 22 trials were fitted to 
the polynomial function log Y = G(x) + N + T from which the control 
curve of Figure 2 is obtained. Y represents the cpm in the 
extracellular medium, x is the time in minutes, N is a normalizing 
term allowing direct comparison between dishes, and T is a term 
inserted for the experimental period (18). In the control dishes 
(n = 12) the observed values for the experimental periods fitted 
within one standard deviation of those obtained by extrapolating 
the polynomial function, showing that the washout curve varies 
exponentially with time. The experimental values (during EMF 
stimulation) were elevated above the controls with the treatment 
effect being highly significant (p < 0.001). 


A percentage stimulation (=S.E.M.) of 27.5% ~4.9 is obtained 
for both experimental time periods. Expressing the stimulated 
release as the difference between the control and experimental 
values relative to the control value for a given time period. This 
elevation is likely to be due to increased release of noradrenaline 
from the cells in monolayer and not due to contamination by cells 
caused to float by the EMF, since the pellet counts for the 
experimental periods are not significantly different (p > 0.5) from 
those before or after it (see Table 1). The temperature of the 
coils was continuously monitored and did not rise above the 37°C of 
the CO, incubator. 
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Effect of a 500 Hz pulsed magnetic field on noradrenaline 
release from PC12 cells by regression analysis from a population of 
22 curves. All manipulatipns were Carried out in a 37°C warm room. 
Logarithmic cells ( 1 x 10 cells per dish) were incubaged for 2h 
in Dulbecco's modified Eagle's medium containing 2 uCi ~H-(-)NA- 
(11Ci/mmol) in 7% CO, atmosphere at 37°C. The radioactive medium 
was then removed and the cells washed three times with fresh medium 
(at 37°C). The cells were incubated for 3.5 h in 1.5 ml fresh 
medium, with changes after 2 h and then at 30 min intervals. 
Thereafter, it was changed every 15 min for 12 consecutive periods. 
The medium from these changes was centrifuged at 2200 g for 5 min. 
Supernatants were assayed for radioactivity. After each experi- 
ment, radioactivity remaining in the cells was assayed by scraping 
the cells sequentially in 0.5 ml 1 M HCl, 0.5 ml 1 M NaOH and 0.5 
ml water. Release values were calculated from the ratio of the 
C.p.m. in the supernatant, at a given time period, to the total 
residual intracellular radioactivity,at the end of the experiment. 
The mean total intracellular count (- s.e.m.) was 389,018 - 26,827. 
We have shown previously that 842% 95 the radioactivity released 
from the cells is unmetabolized NA”. e , Control curve. 0 , 
Stimulated points. 
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In eight further trials, 15 mM Mg” was included in the medium 
for the experimental periods. This procedure did not alter the 
rate of release in control washout curves, but abolished the 
stimulated release as shown in Table 1. The stimulated release 
values in the presence of elevated Mg++ were not significantly 
different from the controls (p > 0.3). 


In three of the trials, the cells were bathed in 51 mM K’ (8) 
following the period of stimulation by the EMF. In response to 
this stimulus, the cells released a substantial proportion of their 
remaining noradrenaline stores, indicating that the cells were 
still capable of responding to conventional depolarizing stimuli. 


DISCUSSION 


Our chief objectives in setting up a model system were: (a) to 
obtain ready access to a stable and homogeneous biological prepara- 
tion; (b) to study a well defined characteristic of the prepara- 
tion; (c) to quantify applied field strengths and current inten- 
sities precisely, through a simplified sample geometry. 


Neurotransmitter release in clonal cell lines met these 
Objectives. The results of our preliminary observations suggest 
that PC12 cells may be a useful model system for studying the 
effects of EMF on neurotransmitter function. However, there are 
certain problems inherent in the model system. First, PCl2 is a 
highly differentiated cell line and consequently requires a 
Specific tissue culture environment to maintain a stable popula- 
tion. One critical factor is the type and batch of sera used, at 
least with regard to sera available in the U.K. In our hands the 
responsiveness of PC12 cells to magnetic fields seems to be 
dependent on the specific batch of sera used. Different batches of 
sera contain different phospholipids with varying fatty acid 
compositions which become incorporated into the plasma membrane. A 
recent report (19) linking membrane fatty acid profiles with 
depolarization-dependent exocytosis in PC12 cells may provide a 
key to this problem. Resolution awaits a further study. A second 
problem is that neurotransmitter release from adrenergic neurones 
is generally highly temperaturedependent (20), a finding which we 
have confirmed in our PC12 cells. Although the possibility of 
large increases in temperature can be effectively ruled out in our 
system, the elimination of small local increases may be extremely 
critical. 


In general, however, the study of cell lines in culture offers 
great scope for the study of electromagnetic interactions. Recent 
Studies in these laboratories (21) have shown that low frequency 
EMF can also modulate the responsiveness of PC12 to nicotinic 
Cholinergic stimulation, and these findings, coupled, with the 
inhibition of the EMF-induced release by elevated Mg mentioned in 


TABLE 1 

C.p.m. 
expressed 
as % of 
cell content TIME (min) 

n 90 105 120 135 
Control 12 0.717+.039 0.686+ .046 0.657+.044 0.628+ .033 
Experimental 10 0.717+.039 0.875+.064 0.838+.061 0.628+ .033 
Experimenta] 
+ 15 mM Mg 8 0.717+0.39 0.637+.015 0.686+.02 0.628+ .033 
Pellets 10 0.049+.012 0.05 +.014 0.045+.013 0.06 +.024 
3 


H-Noradrenaline release from PC12 cells. Release values were generated by regression 
analysis and expressed graphically as in Figure 2. In the elevated Mg trials the 
medium for the 105 and 120 min time periods, during field stimulation, contained 15 mM 
MgSO,. the aspirated medium was treated as previously described in Figure 2. Pellets 
obtained from spinning aspirated medium (experimental series) at 2200 x g for 5 min 
were solubilized in 1.5 ml of 1N NaOH and assayed for radioactivity in 10 ml Instagel. 
All values are expressed as a percentage of the residual intracellular radioactivity 
and are shown as mean + S.e.m. 
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our previous report, confirm our conclusion that the fields 
interact directly with the Ca . dependent exocytosis mechanism 
present in these cells (8,9,11). 


Thg electric fields induced in this system are of the order of 
2x10 V/m or less. In contrast our PC12 cells display resting 
potentials of 15 - 20 mV across their plasma membranes (13,22). 
Since this corresponds to a fixed electric field of some 10° V/m, 
it seems extremely unlikely that the induced EMFs directly impose 
electrical charges on the cells’ plasma membranes. A more plau- 
sible hypothesis is that co-operative interactions are responsible 
for modulating the release process in these cells (23). The 
possibility that Ca binding might be directly affected has been 
proposed for other systems (4,5). 


Release of catecholamines from PC12 can be induced by either 
depolarizing the cell membrane with elevated K (8,11), or sodium 
ionophores (8), or by activating the acetylcholine receptors with 
nicotine or other cholinergic agonists (9). Release under these 
conditions is large, rising to 300% over basal rates for maximal 
concentrations of nicotine, whereas the stimulation we have found 
is of the order of 20-30%. It is likely that this effect is not 
optimal. Determination of the limits awaits further studies which 
vary the EMF intensity, pulse frequency and shape. The difficulties 
we are experiencing in stabilizing our preparation sufficiently to 
resolve these small interactive effects are the main obstacles to 
further progress of this model at the present time. 
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NATURAL AC ELECTRIC FIELDS IN AND ABOUT CELLS 


Herbert A. Pohl 
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Oklahoma State University 
Stillwater, OK 74078 


ABSTRACT 


Living cells are the source of natural ac electrical oscilla- 
tions, as is shown by several éxperimental approaches. These 
include dielectrophoresis, cellular spin resonance, and direct 
detection. This paper reviews and compares these recent results. 
The cause and consequences of these natural resonances require 
clarification. 


The natural cellular resonances have been detected in a wide 
spectrum of cell types, ranging from the primitive bacteria to 
mammalian cells. They are therefore probably "universal". In one 
species where they can be readily compared during various phases 
of the cell life cycle, as in the yeast, Saccharomyces cerevisiae, 
the electrical oscillations appear to be a maximum at or near 
mitosis. This brings up questions as to why, how, and when such 
oscillations would arise. | 


To the question, "Do these natural oscillations reflect cell- 
ular operations which are necessary or are they a frill?"; one is 
led to assume that they reflect needed processes, for they have 
presisted through the long evolutionary path. If, for example, 
they reflect events necessary in the cell's reproductive sequence, 
this implies that there may be an electrical aspect to cellular 
growth and its control. How this might be related to the phenom- 
non of "contact" or "density" inhibition of cell growth is dis- 
cussed. Several mechanisms whereby such natural ac oscillations 
may arise in cells are suggested and discussed. 


87 


88 ~ H. A. POHL 


INTRODUCTION 


Active search for natural electrical oscillations and ac 
fields in living cells began about 15 years ago, following the 
initiative of Herbert Frohlich (1968,1980). He predicted that 
there would be very high frequency oscillations (ca.100 GHz), but 
left open the possibility that cooperative oscillations of a 
rather lower frequency could also be expected. We shall focus in 
the present paper upon low frequency electrical oscillations; for 
the evidence concerning the very high frequency range has been 
adduced and summarized by Frohlich (1980, and cf. this volume). 
More recent evidence from laser Raman spectroscopy (Webb, 1980, 
and cf. this volume) indicates that metabolically active cells 
have responses in the multigigaherz range. It has been suggested 
(Del Guidice et al., 1982) that the Frohlich mechanism, that of 
phonon interactions with loosely coupled dipolar systems acting 
cooperatively in the cell, is also augmented by solitons (Davydov, 
1980) so as to produce low frequency oscillations. Much remains 
to be learned. 


To assist the reader in assessing the experimental data, it 
may be helpful to have in mind several likely mechanisms for the 
observations to be considered. Let us focus on the likely causes 
for those frequencies lower than about 100 MHz. The natural 
electrical cellular oscillations in this lower range can be con- 
sidered to arise by several mechanisms. In considering any 
particular mechanism we must bear in mind that field effects from 
the cell, and acting upon external systems, must be considered as 
due to electrical distortions at or near the cellular surface, for 
the high conductivity of the cell interior can be expected to mask 
or severely damp low frequency fields arising from deep within the 
cell. 


This broad restriction applies especially to detection tech- 
niques such as micro-dielectrophoresis (see below), cellular spin 
resonance, or direct detection methods. Moreover, the effects of 
a cellular ac field upon external objects such as the test parti- 
cles used in micro-dielectrophoresis can also be expected to be of_, 
very short range unless the conductivity (i.e. the screening length) 
of the surrounding medium is very low. To say it in another way, 
one should expect that only surface-associated and assymetric charge 
distributions of the cell would be detected by nearby test objects. 
The effects of natural ac electrical oscillations can be expected 
to be short-ranged and quite ineffective unless sought for in 
media of low conductivity. Since we are considering the natural 
medium, water, the water must therefore be relatively free of ions 
if our search for natural cellular ac oscillations is to be suc- 
cessful. The outer extent of the natural ac oscillations will be 
higher at the higher frequencies. 
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Among the mechanisms which should be considered to be involved 
in natural ac oscillations are those involving the Frohlich mech- 
anism of cooperative dipolar oscillations driven by cellular meta- 
bolic energy, and mechanisms involving oscillating chemical reactions 
capable of producing charge waves. The latter could well involve 
limit cycle operation as discussed by Fréhlich (1977), by Kaiser 
(1982, and cf. this volume), and by Albanese (1983, this volume). 

A model for oscillating chemical reactions occuring in a cell, and 
giving rise to charge waves was discussed by Pohl and Braden (1982). 


In this model it is proposed that the natural intrinsic ac 
oscillating cellular dipoles stem from oscillating chemical reactions 
that couple spatially within the cell to mobile sets of ions so as 
to produce charge density waves. Based upon what is known of 
several well-studied oscillating reactions, (Noyes and Field, 1974; 
Noyes, 1977; Eppstein et al., 1981), the cyclic course of the reac- 
tion runs between an ionic and a (branching) free radical phase. 

As the reaction develops, it develops in both temporal and spatial 
coordinates from the initiating site(s). It is therefore clear 
that if, during the ionic phase of the reaction cycle, the outward 
speed of the positive ions does not exactly match that of the neg- 
atives, then a charge wave will develop. It is an example of a 
longitudinal electrical wave. Such charge waves, if uncoordinated, 
could begin at any time and at any place within the cell, and be 
incoherent. However, as these charge waves develop, they encounter 
structures within the cell which will tend to make them run in 
parallel. A collimation of the charge waves will follow. Since 
they interact electrically, a Coulombic correlation (in the sense 
of a Bose-Einstein condensation) will tend to be formed. A coherent 
set of charge waves will thus involve large regions of the cell in 
a cooperative oscillating dipole or multipole. Such a testable 
model suggests a variety of experimental studies as to the energy 
source, the magnitude, the control, and causes. 


Oscillating reactions in biological systems are numerous and 
well-known. Excellent reviews are to be had on the subject. 
(Treherne et al., 1979; Berridge and Rapp, 1979; Rapp, 1979.) A 
number of well-known structures within cells are candidates for the 
means by which such cyclic charge waves might be channelled and 
made more or less parallel. These include the walls of the endo- 
plasmic reticulum, the laminae of the cristae in mitochondria or of 
the granae in chloroplasts, or the mitotic spindle apparatus. 


The charge waves as proposed above could travel geometrically 
parallel to, or at right angles to the laminar structures restrict- 
ing them in the cell. Kinetic data on the presumed charge waves 
imply that the charge waves travel across rather than along the 
laminae, especially in the case of high frequency oscillations. 
(Pohl and Braden, 1982) A theoretical analysis by Schmidt and 
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Ortoleva (1979) suggests how oscillating reactions might be coupled 
to electrical charge waves. 


For the natural cellular oscillations in the frequency range 
of 10 Hz to 1 MHz, it is likely that the ionic double layers at 
the many interfaces within the cell would play a role as a source 
of the set of mobile ions involved. Conversely, it is also possible 
that mechanical motion acting on biological objects produces elec- 
tromagnetic waves having feedback into the natural ac oscillations 
of cells. We refer here to the recently discovered mechanically- 
induced electromagnetic radiation (M.I.S.E.R.) mechanism. (Pohl, 
1980a). 


Another possible mechanism capable of producing resonant os- 
cillations from cells is that which would be produced by local 
fluctuations in the charge density at the surface of the cell, which 
arise in turn from internal reaction oscillations. For example, 
let there be a local charge density fluctuation dq, which occurs at 
a given point at the cell surface at time t = 0. It will then 
affect the nearby charge distribution in the ionic double layer at 
the cell-medium interface surrounding the cell. This perturbation 
will then travel around the cell periphery and reverberate back 
to the origin with a frequency f, in the order of 


f = v/1, (1) 


where v is the velocity of the disturbance, and 1 is the half- 
perimeter. A rough estimate of the frequency of this reverberation 
can be had by assuming that the velocity is in the order of that of 
sound, and 1 = (pi)x (cell radius). For a cell of radius 10 microns, 
the frequency will be in the order of 


f = v/1 = (1500 m/s)/(3.14 x 10 microns) = 50 MHz. 


It is felt that more realistic values of the velocity of propagation, 
v, of the perturbation of the ionic double layer might lead to some- 
what lower values of the reverberation frequency involved in this 
type of electrical oscillation about cells. The ionic double layer 
has been considered, for example, to be comprised of a tightly held 
and of a loosely bound set of counterions. (Dukhin & Shilov, 1974; 
Pohl, 1978) The more loosely bound counterion set will be expected 
to reverberate at a much lower frequency, probably lower by a factor 
of about 1000, judging from the results of Dukhin and Shilov. The 
intensity of this mode will depend upon the feedback between the in- 
ternal and external waves. Consideration of these details will 
doubtless lead to clarification of the model. 


To sum up briefly, there are several reasonable mechanisms 
whereby natural ac electrical oscillations could arise in cells. 
In viewing the experimental results one can picture the electrical 
oscillations: 

(a) To arise from cooperative dipolar oscillations fed by the 
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metabolic energy. (Frohlich, 1968, 1980) This mechanism can 
account well for oscillations at very high frequencies (multigiga- 
herz range), and be expected to have low frequency modes in certain 
cases (soft modes). 

(b) To arise from charge waves resulting from the presence of 
oscillating chemical reactions collimated by internal cellular 
structures, and made coherent by coulombic interactions. Because 
of the high conductivity and resultant electrical screening at low 
frequencies, only the features of these charge waves active near 
the cellular surface can be expected to be strongly felt outside 
the cell. 

(c) To arise from charge wave reverberations in the exterior 
ionic double layers associated with the membrane or with the cell 
wall (or "buffy coat"), with these charge waves triggered or or- 
iginating from aperiodic or periodic perturbations from within the 
cell. 


THE EXPERIMENTAL EVIDENCE 


There are several lines of experiment which provide evidence 
for the existence of natural ac electrical oscillations in living 
cells. Rowlands et al. (1982a, 1982b, 1983) showed that interactions 
of extraordinarily long range exist between living red blood cells 
in their plasma. Their measurements imply that the interactions 
extend out to some 4 microns from the cell periphery, a fact that 
strongly suggests the presence of long range cooperative interactions 
of the type proposed by Frohlich. 


Several experimental techniques have been used to demonstrate 
the presence of natural electrical ac oscillations in the frequency 
range below 100 GHz. There are three such techniques (1) dielec- 
trophoresis (DEP), (2) cellular spin resonance (CSR), and (3) direct 
instrumental detection. In this section we briefly review the recent 
evidence from these. 


Dielectrophoresis (DEP, for short) is the motion of bulk or 
particulate matter induced by the action of nonuniform electric 
fields (Pohl, 1951, 1978). It can be used to explore for the 
presence of nonuniform fields about cells or other objects. In 
the present instance the motion of tiny polarizable particles near 
cells is used to help decide if ac fields are present near the cell 
surface. The motion will be towards the region of highest field 
intensity (positive dielectrophoresis) if the effective dielectric 
constant of the tiny polarizable particle exceeds that of the 
suspending medium. Contrarywise, the motion of the particles will 
be away from the region of greatest field intensity (repulsion, or 
negative dielectrophoresis) if they have a lower effective dielec- 
tric constant than that of the medium. Because the phenomenon 
occurs on a microscopic scale, it is referred to as micro-dielec- 
trophoresis (micro-DEP). 
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Micro-DEP experiments can be done with simple apparatus, 
since no external fields, other than of the cells themselves are 
required. In brief, one puts a mixture of the cells and selected 
tiny (about 2 micron diameter) particles under the microscope and 
counts the fraction of particles associated with the cells. The 
average number, n, of particles per cell, and the concentration of 
particles, p, is taken. The ratio, n/p, reflects the degree of 
association of the particles with the cell. The n/p ratio for 
particles of high polarizability is then compared with that obtained 
for particles of low polarizability. Examples of useful particles 
of high polarizability are: BaTi03, NaNb03, LiNb0O3, or the poly- 
acenequinone radical polymer, made from anthraquinone and pyromel- 
litic dianhydride (Pohl and Wyhof, 1972), The latter is typical of 
a class of aromatic polymers having very high dielectric constants 
(1000 to 300,000) attributable to the phenomenon of nomadic polar- 
ization (Pohl and Pollack, 1977). These test powder materials all 
have dielectric constants in the order of 500 or higher. The di- 
electric constant of water, the major component of the medium is 
78. As examples of useful particles of low polarizability we have: 
Si02, Al703, and BaSO,. These have dielectric constants lower than 
about 13. This simple experiment requires mainly that the suspend- 
ing medium be of low conductivity and of the proper osmotic character 
so that the ac fields can be adequately transmitted without undue 
absorption in the medium. A specific conductivity lower than about 
1075 mho/cm is usually sufficient for frequencies in the range of 
10kHz or higher. Static fields are immediately suppressed even in 
doubly-distilled water to very short ranges, in the order of nano- 
meters. Long range effects upon the particles, such as we are 
discussing here and observed to be in the order of micrometers, 
cannot be ascribed to the effects of static electric fields. 


The presence of natural ac oscillating fields near cells is 
confirmed by studies of micro-DEP in several ways. The n/p tests 
show that there is a preference for particles of high polarizability 
over those of low polarizability: 

A) Which is shown by living, not by dead cells (Pohl, 1981b). 

B) That is supressable by metabolic inhibitors such as 
would block ATPases (Pohl et al. 1981). 

C) Which is maximal at or near mitosis, as observed in the 
yeast Saccharomyces cerevisiae , The stages in the life cycle 
are conveniently determinable by observing the bud development 
(Pohl et al., 1981). 

D) Which is suppressable in accord with expectation from di- 
electric theory by simply increasing the conductivity of the 
medium, which in turn raises its effective dielectric constant to 
exceed that of the test powder and erases, in effect, the DEP 
forces. (Pohl, 1980a,b,b; 1981b; Pohl et al., 1981). The effective 
dielectric constant is taken to be the absolute value of the complex 
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dielectric constant, 


K = K' - 4K" = K' - js/(e.w). 


Kye 4 en2yt/2 
Kogg = (CK) + ")*) 


where K is the complex relative dielectric constant, j is the 

square root of minus one, s is the specific conductivity, K' is 

the in-phase and K" is the out-of-phase dielectric constant, and 

e, is the permittivity of free space, and w is the angular frequency 
of the electric field. We note from the above equation that the 
effective dielectric constant, and hence the DEP forces, involves 
the presence of all charges present ... those seen in dielectric 
constant measurements and those seen in conduction measurements. 

E) Which can be observed for a variety of test powders of 
widely differing chemical natures (Pohl, 1980a,b,1981b; Pohl et al., 
1981, Roy et al., 1981). 

F) That is observable in a wide range of organisms, including 
bacteria, fungi, algae, as well as in avian blood cells, and manm- 
malian fibroblasts of embryonic, normal, and tumor origins. (Pohl, 
1980b,c,1981b; Pohl et al. 1981). (See Table I.) 

G) Which varies with the conductivity of the medium in a manner 
that yields an estimate of the minimum frequency of the natural ac 
fields (about 10 kHz). This agrees with that deduced from CSR 
experiments (Pohl, 1980c, 198la). 

H) Which provides an estimate of the field strength provided 
by the cell at its surface (ca. 100 V/cm) consonant with that in- 
ferred from torque measurements in the CSR studies (Pohl, 1980c, 
198la). The measurements in this case are made with the ferroelec- 
tric powder BaTi03. 


The force exerted by the natural ac fields of cells upon ex- 
ternal test objects such as the tiny powder particles is expected 
to be of very short range. This force varies as Z~/, where Z is the 
distance between the centers of the cell and the test object. The 
DEP force, it will be recalled, is proportional to the gradient of 
the square of the field intensity. Since the field about a dipole 
varies approximately as Z-3, the gradient of its square will vary 
asX~/, This implies that the DEP force upon the test particles 
such as NaNbO3 or Si092 will be of very short range about the cells 
-..in the order of magnitude of a cell diameter. 


The natural question arises, "Is the observed preference of 
living cells for polarizable test particles in the micro-DEP ex- 
periments possibly due to static fields?" Several facts rebut this, 
and give evidence that the preference is an ac phenomenon. First, 
the evidence cited in points (D) and (G) above show that the pre- 
sence of even slight conduction in the medium due say, to 100 micro- 
molar NaCl or KCl suffices to suppress the effect, and does so in 
accord with the theory for dielectrics in ac fields. Second, as is 
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well known from the theory of polar media such as water, the static 
fields are dampled out by distances of the order of magnitude of a 
Debye relaxation length. Because this is in the order of only about 
100 Angstroms or less in aqueous media, and the micro-DEP effects 
are observed to be active over distances many-fold larger (several 
microns), it is therefore quite unlikely that static field effects 
are dominant here. We conclude then that the evidence from micro- 
DEP experiments supports the existence of natural ac oscillations 

by cells. 


Let us now turn to the evidence for natural ac oscillations as 
gotten from the study of cellular spin resonance (CSR). The appli- 
cation of ac fields to a suspension of cells can cause them to spin 
or rotate selectively. This provides a new and straightforward 
method for determining the dielectric properties of individual 
cells or even of inert particles. The technique is particularly 
useful and transparent when rotating fields, such as those produced 
by three or four-pole electrode systems, are used. (Mischel, Voss, 
and Pohl, 1982; Arnold and Zimmermann, 1982a,b; Pohl, 1983). The 
techniques and the theory are now well in hand, and future progress 
in this exciting new area should be rapid. An especially interest- 
ing aspect of cellular spin in applied ac fields is that in which 
more or less parallel electrodes are used, and a sinusoidal field 
is applied. 


A number of researchers have observed the spinning of cells 
while in a simple two-pole ac field. (Teixera-Pinto et al., 1960; 
Furedi and Valentine, 1962; Pohl and Crane, 1971; Pohl, 1978; 
Mischel and Lamprecht, 1980; Pohl, 198la; Zimmermann et al., 1981; 
Pohl and Braden, 1982). The first account of the resonant spinning 
of living cells was that of Pohl and Crane (1971). They observed 
that yeast Saccharomyces cerevisiae, subject to an ac electric 
field between two parallel wire electrodes, spun in a sharply re- 
Ssponsive manner to the frequency of the applied field. Cells were 
seen to spin alone whether against an electrode or out in the 
suspension, and to spin collectively while in pearl-chain stacks. 
The resonant frequency, moreover, depended upon the age of the 
colony examined. The sharply resonant nature of the spinning 
response led to the use of the descriptive term, "cellular spin 
resonance" (CSR). Michel and Lamprecht (1980) quantitatively 
studied the rate of spin of budding yeast cells. Zimmermann, 
Vienken, and Pilwat (1981) described the CSR of a number of species, 
including human erythrocytes and their ghosts, Friend cells, and 
mesophyll protoplasts of Avena sativa. The variation of the CSR 
spectrum with phase in the life cycle in yeast cells (Saccharomyces 
cerevisiae) has been studied by Rivera, (1983). 


There appear to be two circumstances for the occurrence of CSR. 
On the one hand there is the spin of lone cells while little 
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affected by local field perturbations such as those due to rotating 
fields or delayed polarizations. On the other hand there is the 
much more general phenomenon of spin while under the influence of 
rotating ac fields. 


The spinning of lone cells in two-pole ac fields was reported 
a number of workers, including Pohl and Crane (1971), Chen (1973), 
Pohl and Braden (1982), and by Mischel and Lamprecht (1983). For 
several physical reasons, the observation of lone cells spinning 
in the mid region of a two-pole field must be of brief and occasional 
character, for the cells in that region usually move rapidly towards 
an electrode or join with other cells to form pearl chains under 
the influence of DEP. In addition to the action of DEP in causing 
the lone cells to leave the mid-field region there are other dis- 
persive actions such as thermal upsets, ionic injection, etc 
causing fluid streaming. Lone cells are, however, readily observed 
to spin freely and in a resonant way when against a mirror-smooth 
Pt electrode, as all investigators, but especially Mischel and 
Lamprecht (1983) have noted. The theory for the CSR of lone cells 
spinning in CSR in a two-pole ac field was discussed by Pohl (198la, 
1982). At the present writing, only one class of mechanisms clearly 
accounts for the CSR of lone live cells; i.e., where the frequency 
of the cellular spin rate is much less than that of the applied 
field, and where the spinning ceases upon the death of the cell. 
These mechanisms for the natural cellular dipolar oscillation 
exist and can interact with the applied field to provide a rota- 
tional torque. 


It should be commented that the natural cellular oscillations 
need not merely be simply dipolar, but may oscillate as linear 
quadripoles or higher multipoles. In view of the possibly weak 
character of the natural electrical oscillations, it may also be 
expected that the cellular oscillations would be affected by the 
externally applied fields such as to "pull" or alter their fre- 
quency into resonance with that of the applied field. This would 
cause the CSR spectrum of cells to consist of peaks somewhat 
broadened by the frequency pulling, or as the expression goes in 
dealing with electrical circuitry, by "frequency motor-boating". 


Lone cells can be made to spin by static fields, or even in 
the presence of very low frequency fields through the mechanism of 
"rotational conduction". In this case the spinning of bodies, 
even spherical ones, is induced by the action of ionic currents 
that produce surface-charge dipoles upon the particles having a 
conductivity or dielectric constant differing from that of the 
supporting fluid medium. (Pohl, 1978, pp. 135-41). In this case 
it is expected that the spinning rate will be low. It is also 
evident that CSR can be evoked even in very high frequency ac 
fields if natural cellular ac dipoles interact with the externally 
applied ac fields. The rate of cellular spinning would then be 


96 H. A. POHL 


expected to be in the order of magnitude of the difference between 
the frequencies of the natural dipolar frequency and that of the 
applied ac field. (Pohl, 1981, 1982) 


feell ~ ‘gie1d ~ ‘nat dipole 


The latter mechanism can account for the CSR of lone cells spinning 
at a low rate (e.g. 0.1 to 10 Hz) while the applied frequency is 
much higher (e.g. 10 kH to 1 MHz). 


While using two-electrode systems to study the CSR of living 
cells, Pohl and Braden (1982) observed in the case of yeast cells 
(Saccharomyces cerevisiae) that the CSR spectrum contained only 
one or two peaks. The cells spun at a rate of about 0.1 to 30 Hz 
when the applied frequency was in the range of several KHz. The 
cells spun in a sharply resonant manner with the applied frequency. 
The CSR was observed to vary with the phase of the life cycle, and 
with the cell type. Living cells responded readily. Dead cells 
whether killed by heating or by phenol, exhibited little or no 
response when observed as lone cells, well removed from the others. 
Sharp CSR was also observable with live murine sarcoma cells. As 
a further test of the presence of natural cellular ac oscillations, 
they compared the CSR of the cells in the presence of pulsed dc 
and of sinusoidal ac fields. They used both sinusoidal ac and 
pulsed de fields. They found the ac and pulsed dc spectra to be 
similar, and that the cells continued to spin in either field of 
the same basal frequency and applied field strength. Were cells 
possessed only of dipoles induced by the external field, they would 
be expected to librate but not spin when present as lone cells 
in pulsed two-pole ac fields. 


Particles can also be made to spin by the presence of rotational 
electric fields. Here the rotating field induces a polarization 
which need not be instantaneous, but lags the field. The interaction 
of the delayed polarization with rotated field then produces a torque 
capable of spinning the particle. The particle need not be a living 
cell, but might be a vesicle, a dead cell, or even an inanimate 
mineral particle. Rotational fields can be provided by the use of 
phased three or four pole electrode systems, for example, and this 
method is useful for determining the dielectric properties as a 
relaxation spectrum of small particles (Pohl, 1983). Rotational 
fields capable of causing particle rotation can also arise from the 
interaction of the particles with each other while present in an 
otherwise homogeneous field. Consider the case of cells, say, 
subject to an ac field provided by a two-pole field, but also very 
near another particle. The field due to the induced dipole of the 
second particle is phase-delayed compared to that of the applied 
field, and is therefore capable of providing a rotating field at 
the first cell, and thereby evoking a rotation. The spinning of 
cells by this mechanism is easily produced and observed (Holzapfel 


OSCILLATING ELECTRIC FIELDS AROUND CELLS 97 


et al., 1982). The CSR of crowded cells in a two-pole ac field is 
usually due to this mechanism. The CSR of lone cells in such a 
two-pole ac field cannot, however be due to such rotational field, 
and another mechanism such as that due to the interaction of natural 
cellular oscillating dipoles is needed. 


The evidence that living cells naturally produce ac oscillating 
fields, as derived from CSR studies supports the conclusions reached 
from the studies of micro-dielectrophoresis. The CSR evidence is 
not as firm as that for that obtained from micro-DEP studies, in 
view of the fact that there are several ways to interpret the CSR 
studies. One must be careful in assigning observable CSR as being 
due to natural cellular ac oscillations in view of the fact that 
rotating fields due to the presence of a nearby polarizable object, 
off-axis from the lines of the applied external field, can evoke 
spinning. Careful observation to assure that the spinning lone 
cell is well away from other polarizable objects is required. 


Direct instrumental observations of natural ac oscillations of 
cells have been made by several investigators. The presence of 
such oscillations in the frequency range of 50 to 500 Hz has been 
reported from studies of nerve cells (cf. Treherne et al., 1979). 
Oscillating enzyme reactions have been studied and are well recog- 
nized (Hess and Chance, 1978). Action potentials of macrophages 
derived from human monocytes were observed to oscillate at fre- 
quencies of from 20 to about 80 Hz (McCann et al, 1983). The power 
spectra of mormyrid fish (Pollimyrus isidori) ranges from 1000 to 
about 50,000 Hz and is involved with the electric organs (Westby 
and Kirschbaum, 1982). The output is used by such "weakly electric” 
fish as the South American gymnotid fish and the mormyriform fish 
of Africa for “electrolocation" in their surroundings. Yano et al. 
(1981) have directly observed much slower oscillations (at a few 
Herz) of the syncytiotrophoblast of the human term placenta. 
Similar observations on murine fibroblasts were made by Okada et 
al. (1979). Very recent direct instrumental observations of elec- 
trical oscillations of high frequency have been reported by Smith 
(1983). His group used a Hewlett Packard 8553B Spectrum Analyzer 
and found the yeast, Saccharomyces cerevisiae, to emit oscillations 
in the neighborhood of 8 MHz. Rivera et al. (1983) recently ob- 
served similar results with yeast. The alga, Netrium digitus was 
observed to provide signals in the order of microvolts at several 
frequency bands at about 7 and 33 kHz. Detection was done in a 
shield enclosure with the aid of Pt electrodes externally placed in 
the medium at the ends of the cell. A preamplifier boosted the sig- 
nals for input to a wave analyzer (Hewlett Packard, Model 312A) 
(Fig. 1). 


There are, then, three lines of experimental evidence confirm- 
ing the existence of natural cellular ac oscillations: that from 
micro-DEP, from CSR, and from direct instrumental observation. 
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Figure 1 


Much more needs to be done to confirm the observations, to establish 
the nature and range of the oscillations, and to understand their 
origins and function in the physiology of the cell, 


We are presented therefore with the real probability that cells 
produce natural ac fields. It is fitting then to ask where, how 
and why such oscillations should arise in living cells. We have, 
in effect two main experimental results at present. The first broad 
conclusion from the presently available data is that the cells of 
many types given evidence of the presence of natural oscillating 
electric fields. The micro-DEP studies, in which fields about 
cells are detected by the way in which the cells favor the accumu- 
lation of highly polarizable particles over that of weakly polariz- 
able ones, show that the ac fields about cells occur in a wide range 
of cellular species. This is evident in Table l. 


It is observed from the data of Table 1 that the preference 
for highly polarizable particles over that for weakly polarizable 
ones is ubiquitous, and it is a common feature in all of the wide 
range of cell types. 


The second broad conclusion about the presence of natural ac 
oscillations in cells again comes from micro-DEP studies. The n/p 


OSCILLATING ELECTRIC FIELDS AROUND CELLS 99 


Table 1. The Preferences of Living Cells for Highly Polarizable 
Particles ... (as determined with micro-dielectrophoresis). 


CELL TYPE RATIO,POLARIZABLE TO 
NON-POLARIZABLE 
PARTICLES; (n/p)polar to 


Bacteria, Bacillus cereus, synchronized 4 
Yeast, Saccharomyces cerevisiae 2 
Alga, Chlorella pyrenoidosa 2 
Avian, Chicken red blood cell 2. 
Mammalian, Mouse "L" fibroblasts 2 
Mammalian, Mouse Ascites tumor fibroblasts 2 
Mammalian, Mouse, Fetal fibroblasts 2 


values indicating the strength of the preference of the cells for 
polarizable particles were observed to be maximal at or near 
mitosis. These results, obtained on the yeast saccharomyces 
cerevisiae can be easily obtained because the phase in the life 
cycle is readily determined from the shape of the cell (Hartwell, 
et al., 1974). The variations of the n/p values for the highly 
polarizable particles BaTi03, or NaNbO3 show a peak at the period 
in the yeast life cycle when the small budding state is attained, 
i.e., when the cell is at or near mitosis. 


Given the evidence that cells do indeed produce natural ac 
oscillations, and given the two principal results, i.e., that (1) 
the oscillations are "universal" among the species, and (2) that the 
oscillations are maximal at or near mitosis; it is interesting to 
speculate as to their meaning. Perhaps the first question to pose 
is: "Are the observed natural ac oscillations evidence of a process 
which is merely an unnecessary frill, or do they reflect a necessary 
process in the life processes of cells?"; The first principal 
result, the "universality" of the oscillations, indicates that the 
natural ac oscillations have been carried on for billions of years 
throughout the evolutionary process. Nature is not inclined to be 
wasteful. With this in mind it is a fair presumption that indeed 
the ac oscillations reflect phenomena which are essential. 

It is also likely that the oscillatory phenomena must preceed or 
accompany the reproductive process, as evidenced by the second 
principal observation. Together, these suggest that there is an 
electrical (ac) aspect to the process of reproduction in cells. 


We may then make the provisional postulate: 


Electrical oscillations must accompany cellular reproduction, 
and that without them, the reproductive process cannot preceed. 


This assumption can be tested and examined experimentally in a 
number of ways. The necessity for electrical oscillations to 
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accompany the process of cellular reproduction may play a role for 
example, in the well known process of "contact" or "density" in- 
hibition of cell growth. Contact inhibition is often observable 
when cells are cultured in the laboratory, for their growth is seen 
to be checked as the cells become confluent and cover the growth 
medium. 


The usual explanations given for such contact or density in- 
hibition suggest that it occurs because of a shortage of food or, 
alternatively, because cells put out growth inhibitor factors. 

But if these were the only explanations, then growth would be 
expected to resume when fresh medium is flushed across the colony. 
It does not, however, which implies that there must be some other 
factor(s) at work. Let us consider an electrical one. If a cell 
must ‘oscillate’ to reproduce, as suggested above, and the 
oscillation is an electrical one that can be damped out or sup- 
pressed by the presence of neighboring cells, but not necessarily 

by the presence of the normal cellular medium, then a simple 
mechanism can be suggested. One such mechanism which suggests 
itself is the following: In the spectrum of electrical absorptions 
characteristic of any material there are normally one or two sharp 
regions in the spectrum where strong energy absorption occurs. If 

a feeble electrical oscillator tries to oscillate in the medium at 
that particular frequency it will be strongly damped. It will only 
succeed in maintaining its output if it can be permitted to shift 

to a frequency at which the damping is so small that the energy 
drain is acceptable. With this picture in mind, let us view the 
cell as being normally equipped to leave the Go and to enter the 
S-phase with an electrical oscillator system producing its charge 
waves at a particular frequency, f,. If this frequency is relatively 
undamped by the surroundings, the cell will be free to reproduce. 
This might be the case, for example, of a cell more or less alone 

in the medium having a strong damping only at a frequency, fo» far 
removed from the frequency f,. But if the cell is amid other cells, 
and the strong damping frequency of this melange now coincides with 
the frequency f1], the cell will then be unable to reproduce, for its 
necessary oscillations cannot now be maintained. According to this 
picture, in other words, it will be the density of cells surrounding 
the individual cell that will modify the electrical neighborhood, 
and control the ability of the cell to reproduce. Once the local 
cell density is sufficient to produce high electrical damping 

around the cell in question, its further oscillation at that fre- 
quency is repressed, and the reproductive process also repressed. 
Such a model can be tested in a number of ways, as by the deliberate 
injection of foreign material capable of electrically initiating the 
damping characteristics of massed cells, or by using electrical means 
to augment the oscillations at the presumed frequency, fj, etc. 


How then are we to account for the well known ability of cells 
to grow on certain occasions while in a high concentration of other 
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cells? There are at least four such occasions in the life of 
mammalian cells, for example. These are: during embryonic growth, 
during normal body cell replacement, during wound healing, and 
during the growth of tumors. During these periods it will be 
necessary, in this model, for the cellular oscillations to occur 

at a frequency somewhat removed from that of the surrounding 

cell mass would damp out or suppress them. We suggest that this 
can be accomplished by a shift in the biochemistry of oscillating 
reaction to a frequency either above or below that of the neigh- 
borhood's high loss frequency, and that this frequency shift is 
under the control of a normally repressed gene. It is interesting 
in this connection to note that Ahuja and Anders (1977) reported on 
finding a gene, (Tu gene) which had a repressor gene (R gene) judged 
to lie on a separate portion of the genetic material, and that these 
genes were present in all cells capable of reproducing. They 
associated the control of cell growth with the activity of such a 
gene pair. It is interesting to ask if it is these genes which 
control the frequency fj, and cause it to shift into the frequency 
range required for the successful operation of the reproductive 
cycle. Again, these ideas are testable in a variety of ways, and 
the testing of them may provide interesting insights into the 
mechanisms of cellular growth control. 


ACKNOWLEDGEMENT 


This research was supported by the Pohl Cancer Research 
Laboratory, Inc. 


REFERENCES 


Ahuja, M. R., and Anders, F., (1977) in RECENT ADVANCES IN CANCER 
RESEARCH, Vol. I, edited by R. C. Gallo; CRC Press pp. 103-117. 
Albanese, R. A. (1983) "Radiofrequency radiation and chemical 
reaction dynamics," this volume. 
Arnold, W. M., and Zimmermann, U. (1982a) Naturwissenschaften 69, 
297. 
Arnold, W. M., and Zimmermann, U. (1982b) Z. Naturforsch. 37c, 908. 
Berridge, M. J. and Rapp, P. E. (1979) J. Exp. Biol. 81, 217. 
Chen, C. S. (1973) "On the Nature and Origins of Biological Di- 
electrophoresis,'' Ph.D. Thesis, Oklahoma State University, 
Stillwater, OK 74078. 
Davydov, A. S. (1980), Sov. Phys. JETP, ol, 397. 
Del Guidice, E., Doglia, S., and Milani, M. (1982) Physica Scripta 
26, 232. 
Dukhin, S. S., and Shilov, V. N., (1974) DIELECTRIC PHENOMENA AND 
THE DOUBLE LAYER IN DISPERSE SYSTEMS AND POLYELECTROLYTES, 
J. Wiley & Sons, N.Y. 


102 H. A. POHL 


Epstein, I. R., Kustin, K., de Kepper, and Orban, M. (1981) J. 
Amer. Chem. Soc. 103, 2133. 
Frohlich, H., (1968) Int. J. Quantum Chem. 2, 641. 
Frohlich, H., (1977) Neurosci. Res. Program Bull. 15, 67. 
Frohlich, H., (1980) Adv. Electron. Electron Physics 53, 85. 
Furedi, A. A. and Valentine, R. C. (1962) Biochem. Biophys. Acta 
56, 33. 
Hartwell, L. H., Culotti, J., Pringle, J. R., and Reid, B. J.; 
(1974) Science 183, 46. 
Hess, B., and Chance, B., (1978), Theo. Chem., 4, 159. 
Holzapfel, C., Vienken, J. and Zimmermann, U. (1982) J. Membrane 
Biol. 67, 13. 
Kaiser, F. (1982) Coll. Phenomena 5, in press;(this Volume, 1983). 
McCann, F. V., Cole, J. J., Greyre, P. M., and Russell, J. A. G. 
(1983), Science 219, 991. 
Mischel, M. and Lamprecht, I. (1980) Z. Naturforsch. 35c, 1111. 
Mischel, M., Voss, A., and Pohl, H., (1982) J. Biol. Physics 10, 223. 
Mischel, M. and Lamprecht, I. (1983) "Rotation of cells in nonuniform 
rotating alternating fields," J. Biol. Physics, 11, (in 
press). 
Mischel, M. and Pohl, H. (1983) "Cellular spin resonance in rotating 
fields," J. Biol. Physics, 11. (in press). 
Noyes, R. M. and Field, R. J. (1974) Ann. Rev. Phys. Chem. 25, 95. 
Noyes, R. M. (1977) Acc. Chem. Res. 10, 214, and 273. 
Okada, Y., Tsuchiya, W., and Inouye, A. (1979), J. Membrane Biol., 
47, 357. 
Pohl, H. (1951) J. Appl. Phys. 22, 869. 
Pohl, H. and Crane, J. S. (1971) Biophys. J. 11, 711. 
Pohl, H. and Wyhof, (1972) J. Non-Cryst. Solids, 11, 137. 
Pohl, H. and Pollak, M. (1977) J. Chem. Phys. 66, 4031. 
Pohl, H. (1978) 'DIELECTROPHORESIS, The Behavior of Matter in Non- 
uniform Electric Fields", Cambridge University Press. 
Pohl, H. (1980a) 'Micro-dielectrophoresis of dividing cells," in 
BIOELECTROCHEMISTRY, pp. 273-95, edited by H. Keyzer and F. 
Gutmann, Plenum Press. 


Pohl, H. (1980b), Int. J. Quantum Chem. 7, 411. 

Pohl, H. A., (1980c) J. Biol, Phys. 7, 1. 

Pohl, H. (198la), J. Theor. Biol. 93, 207. 

Pohl, H. (1981b), J. Bioenerg. Biomembranes 13, 149. 

Pohl, H. Braden, T., Robinson, S., Piclardi, J., Pohl, D. G., (1981) 
J. Biol. Phys. 9, 133. 

Pohl, H. (1982) Int. J. Quantum Chem. 9, 399. 

Pohl, H. and Braden, T. (1982) J. Biol. Phys. 10, 17. 

Pohl, H. (1983) "Cellular spinning in pulsed rotating electric 


fields," J. Biol. Physics, 11, (in press). 
Rapp, P. E. (1979), J. Exp. Biol. 81, 281. 
Rivera, H. (1983) private communication. 
Rivera, H., Biscar, J. P., and Pohl, H. A., (1983) (private 


communication). 


OSCILLATING ELECTRIC FIELDS AROUND CELLS 103 


Rowlands, S,, Sewchand, L. S., Lovlin, R. E., Beck, J. S., and 
Enns, E. G., (1981) Phys. Lett. 82A, 436. 

Rowlands, S., Sewchand, L. S., Enns, E. G. (1982) Can. J. Physiol. 
Pharm. 60, 52. 

Rowlands, S., (1982) J. Biol. Phys. 10, 199. 

Rowlands, S., Eisenberg, C. P., and Sewchand, L. S. (1983), 
"Contractils: Quantum mechanical fibrils," J. Biol. Phys. 
11, (in press). 

Roy, S. C., Braden, T., and Pohl, H., (1981) Phys. Lett. 83A, 142. 

Schmidt, S. and Ortoleva, P. (1979), J. Chem. Phys. 71, 1010. 

Smith, Cyril W. (1983) @rivate communication). 

Teixera-Pinto, A. A., Nejelski, L. L., Cutler, J. L., and Heller, 

J. H. (1960), Exp. Cell Res. 20, 548. 

Treherne, J. E., Foster, W. A. and Schofield, P. K. (1979), "Cell- 
ular Oscillators" J. Exp. Biol. 81 (review volume). 

Webb, S. J. (1980) Phys. Rep. 60, 201. 

Westby, M., and Kirschbaum, F. (1982) J. Compar. Physiol., 145 , 399. 
Yano, J., Okada, Y., Tsuchiya, W., Kinoshita, M., Tominaga, T., and 
Nishimura, M.; (1981), Acta Obst. Gyn. Japan, 33, 137. 
Zimmermann, U., Vienken, J. and Pilwat, G. (1981), Z. Naturforsch. 

36c, 173. 


NONLINEAR DYNAMICS OF ORGANIC MOLECULES, 
INCLUDING BIOMOLECULES 


THE ENERGETICS AND MOLECULAR DYNAMICS OF THE PROTON PUMPING 


PHOTOCYCLE IN BACTERIORHODOPSIN 


1D 7c 


Robert R. Birge,* Albert F. Lawrence, Thomas M. 
Cooper,» craig T. Martin, David F. Blair4 ana Sunney 
I. Chan@ 


Department of Chemistry, University of California 
Riverside, CA 92521 and A. A. Noyes Laboratory of 
Chemical Physics, California Institute of Technology 
Pasadena, CA 91125 


ABSTRACT 


The energy stored in the primary photochemical event of light 
adapted bacteriorhodopsin (16 kcal mol~!) is shown to be sufficient 
to pump two, but not three, protons per photocycle. A two channel 
model of the proton pumping photocycle is presented which accommodates 
the available experimental data. This model is energetically effi- 
cient because the primary event is used to destabilize both channels 
simultaneously. Two separate electrostatic gradients are generated, 
and the dark reactions that occur following the primary event resta- 
bilize both channels via proton translocation processes that ulti- 
mately pump two protons. The "primary" channel pumps the first 
proton in parallel with the formation of the M,, 7 intermediate. The 
"secondary" channel pumps the second proton during the Oggo97bRs5¢8 
dark reaction provided the electrochemical gradient is below a given 
threshold. Ground state 13-cis~all-trans reisomerization is accom- 
plished during the Ns5o9*Oge69 dark reaction due to formation of a 
protonated Schiff base chromophore with a single (secondary) counter- 
ion near the B-ionylidene ring. This latter counterion stabilizes a 
chromophore resonance structure which has a high degree of bond 
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order reversal lowering significantly the barrier to ground state 
C13=C)4 isomerization. 


INTRODUCTION 


Bacteriorhodopsin is the light harvesting protein of the purple 
membrane of Halobacterium halobium (for recent reviews see Refs. l- 
5). The light adapted form of this protein undergoes a photo- 
chemical cycle that is responsible for transporting protons from the 
inside (cytoplasm) to the outside (extracellular) of the membrane 
(Fig. 1). The resulting hydrogen ion gradient is used to chemios- 
motically drive the synthesis of ATP. Halobacterium halobium grows 
the purple membrane under conditions of oxygen deprivation when the 
normal respiration process becomes too inefficient to sustain growth. 


The purple membrane pumps V2 protons per photocycle under the 
pH and ionic strength conditions inherent in the ambient environ- 
ment of this halophilic microorganism. ! 6-7 This observation indi- 
cates that the simple notion that the retinyl Schiff base proton is 
translocated as a result of electrostatic forces generated by 
chromophore isomerization is, by itself, insufficient to explain 
the pumping mechanism. A more complex model which accommodates a 
larger stoichiometry (2 protons pumped/photocycle) and the photo- 
cycle energetics® is required. The purpose of this paper is to 
present a plausible, two-channel model of the proton pumping cycle 
which accommodates the available experimental evidence. We note 
at the outset of this discussion that the proposed model is not 
unique in that other mechanisms are possible. Accordingly, we 
present this model as a preliminary mechanistic study with the hope 
that it will stimulate further experimental and theoretical study 
of this complex biological process. 


ENERGETICS OF THE PROTON PUMPING CYCLE 


The photochemical cycle of light adapted bacteriorhodopsin is 
shown in Fig. 1. The primary event (bRs5¢8°Kei9) is the only molec- 
ular process which occurs photochemically. The complex cycle that 
follows the formation of Kgj9 is thermal and is therefore con- 
strained to utilize the energy stored in Kgi9- A recent laser 
photocalorimetric measurement of energy storage in bacteriorhodopsin 
indicates that 15.8+2.5 kcal mol~! of energy is stored in the 
primary photoproduct. 8 Steady state illumination of intact cells 
induces the protein to eject protons from the cytoplasm generating 
an electrochemical gradient across the cell membrane. This gradient 
is partitioned into two components, ” 


Ap = Ay - 2.3RTApH/F (1) 


Ap - S9ApH (mV) (25°C) (2) 
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The photochemical cycle of light-adapted bacteriorhodopsin. 
Relative free energies are approximately related to vertical 
position in the figure. The formation times of the inter- 
mediates are order of magnitude estimates for ambient temp- 
erature. The approximate absorption maxima (nanometers) of 
the intermediates are indicated in parentheses and a given 
intermediate will be designated in the text using these 
values as subscripts [i.e. Kgi9 represents K(610)]. There 
is no consistency in the literature concerning the absorp- 
tion maxima assignments for the intermediates. Accordingly, 
the primary photoproduct is variously labelled as Ks599, 

Kg1o0 and Kg39 in the literature. Although a short-lived 
transient species, Jgo5, has been observed prior to K¢j9, 

we will refer to the primary event as the bR5¢g>Kgi9 reac- 
tion and ignore the Jg75 intermediate. The exact chronology 
of the dark reactions is not precisely known, and we will 
assume the reaction sequence bR+K»L°-M°N+0-bR is the primary 
proton pumping sequence in light-adapted bacteriorhodopsin 
(see text). 


110 R. R. BIRGE ET AL. 


where Ap is the proton motive force (or electrochemical gradient), 
Ay 1s the electrical potential differencé and ApH is the. pH gradient 
across the membrane. Equation 2 is obtained by evaluating RT/F (R = 
gas constant, F = Faraday constant) at T = 298K. The pH gradients 
during illumination are roughly in the range 0.7 to 1.5 units 
(inside alkaline), but the value is subject to considerable uncer- 
tainty and is dependent upon extracellular pH. 1° Estimates of AY 
during illumination generally fall in the range -120 to -220 mv.?/° 
Accordingly, the electrochemical gradient across the cell may reach 
v300 mV, but for the purposes of this discussion we will assume a 
gradient of 250 mV (= -Ap). The energy required to pump two protons 
across a gradient of 250 mV is 112 kcal mol7! (1 kcal mol7! = 43.4 
mV/molecule) which implies that the energy stored in the primary 
event (116 kcal mol~!) is sufficient to pump two but not three 
protons per photocycle. The observed stoichiometry of 2 protons/ 
photocycle implies a very high efficiency for the proton pumping 
mechanism of bacteriorhodopsin of ~75% (only 4 kcal mol™! of 
internal energy is lost per photocycle). Although this efficiency 
is subject to considerable error (a lower estimate of Ap of -150 mv 
is within experimental error), the above analysis suggests that a 
majority of the energy stored in the primary event is utilized to 
generate the electrochemical gradient. One of the primary objec- 
tives of our model is to provide a possible explanation of this 

high efficiency. 


EXPERIMENTAL BACKGROUND 


Our model of the proton pumping cycle of bRs5gg is based on the 
energetic requirements described in the previous section as well as 
a number of experimental observations. The available literature on 
this subject is extensive and the following observations briefly 
summarize the salient experimental data: 


(1) There are two counterions associated with the retinyl 
protonated Schiff base (RPSB) chromophore in bRsgg. The primary 
counterion is located v3K from the Schiff base nitrogen.!i714 a 
second counterion is located above the plane of the B-ionylidene 
ring V3.5A from cy, lini Our model of the retinyl chromophore, its 
protonated Schiff base linkage with lysine 216 and the primary 
counterion (Aspartate 212) is shown in Fig. 2.15 a tyrosine residue 
(Tyr 26) is also located near the RPSB chromophore. 16,17 


(2) A tyrosine residue is deprotonatea! 8719 and a carboxylate 
group is protonated29722 during the photocycle. Both events appear 
to occur on a time scale identical to the formation time of the 
My12 intermediate within experimental error. A second carboxylate 
group may also be protonated at a slightly slower rate (subsequent 
to My12 formation) during the photocycle, and both of these groups 
are subsequently derrotonated during the Ns599>Ogg97?bRs5¢g dark 
reactions. 29 
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Fig. 2. Our model of the chromophore binding site in light adapted 
bacteriorhodopsin (bRs¢g). The all-trans retinyl chromo- 
phore and the local portion of the q-helix to which it is 
bound is shown from two perspectives. In the top picture, 
the site is viewed from inside the protein so that the 
trans-membrane axis of the helix is in the plane of the 
paper (the thick solid line indicates the helix axis). 

In the bottom picture, the site is viewed from the top of 
the protein from the inside (cytoplasmic) membrane surface. 
The chromophore is bound to the protein backbone via a 
protonated Schiff base linkage with lysine (Lys 216). The 
primary counterion is Aspartate 212, which is separated 
from the Schiff base nitrogen by approximately 3A (dotted 
line in top picture). The other amino acids attached to 
the protein backbone are not shown. The methyl groups 
attached to the chromophore are indicated using open 
circles slightly larger than those used to indicate the 
hydrogen atoms. The primary photochemical event involves 
a 13-trans to 13-cis photoisomerization of the chromophore 
away from the counterion [out of the plane of the paper in 
the bottom figure (see arrow) ]. 
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(3) The primary photochemical event (bRs5gg*Kgj19) involves an 
all-trans to (distorted) 13-cis photoisomerization (see Ref. 2 and 
references therein). Chemical extraction techniques have demon- 
strated that L559 and My )> contain 13-cis chromophores. 23/24 Recent 
resonance Raman experiments indicate the Og¢g has a distorted all- 
trans geometry .2° Accordingly, 13-cis to all-trans isomerization 
occurs during the Myj2°N5997%0¢¢69 dark reactions. It should be noted 
that the Nsoq intermediate is "poorly resolved"! and many investi- 
gators ignore this intermediate entirely. Furthermore, rapid equil- 
ibration among the latter intermediates (see Fig. 1) is postulated 
by many investigators (see discussion in Ref. 1). The chromophore 
is protonated in all of the intermediates with the exception of 


2 
My 12> 


A TWO CHANNEL MODEL OF THE PROTON PUMPING PHOTOCYCLE 


Our model of the proton pumping photocycle of light adapted 
bacteriorhodopsin is shown in Fig. 3. This model was designed to 
accommodate the available experimental evidence (see above), but it 
is not a unique model in that other reaction schemes are possible. 
Several treatments of the theory of proton transport in hydrogen 
bonded chains have recently been published. 2® A principal feature 
which distinguishes this model from others which might be proposed 
is the involvement of two proton conducting channels. The presence 
of two channels allows two protons to be translocated in parallel 
rather than in series. The high efficiency of the proton pumping 
mechanism must be mechanistically accommodated, and a single channel 
model is less efficient for two reasons. The most significant 
problem with a single channel model is that initiation of the second 
proton translocation requires a reciprocating motion which is inher- 
ently inefficient. A two channel model has the further advantage 
that a single light activated step can destabilize both channels 
simultaneously. Hence, energy storage inherent in the primary 
event can be used efficiently to generate two gradients. The dark 
reactions that occur subsequently restabilize these channels via 
proton translocation processes that ultimately pump two protons. 


The model shown in Fig. 3 is intentionally ambiguous concerning 
the specific assignments of a majority of the residues associated 
with the two channels. Furthermore, the use of seven residues in 
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both channels is arbitrary and probably underestimates the number 
of residues in each channel by a factor of two. We note also that 
the channels may in fact converge or share common residues in 
regions separated from the chromophore binding site. This possi- 
bility would not detract from the aforementioned advantages of a 
two channel model. The two channels come into fairly close contact 
at the chromophore which is located near the center of the mem- 


brane. /+3 The two channels are in “electrostatic contact" in the 
vicinity of the chromophore, which is required for stabilization of 
some of the intermediates (see below). 


We represent the entire chromophore (Fig. 2) using the symbol 
"C-N-H" to represent the all-trans conformation and the symbol 
"H-N-C" to represent the 13-cis conformation. The unprotonated 
13-cis chromophore in M,12 is designated "N-C". The primary counter- 
ion (Aspartate 212) (Fig. 2) is indicated by "O-A" (Fig. 3) and is 
part of the RHS channel. The secondary counterion near the £- 
ionylidene ring of the chromophore!!,12 is not shown, but the inter- 
action of this counterion with the chromophore is important during 
the latter stages of the cycle (see below) 


The left channel is designated as the "primary channel" because 
the proton translocated via this channel is pumped first and the 
extracellular ejection of this proton coincides with the formation 
of My,j9 and deprotonation of the chromophore. The right channel is 
the "secondary channel" because the proton translocated via this 
channel is pumped second (during the Oggo7bRs5gg dark reaction) and 
is only pumped under favorable extracellular conditions. Accordingly, 
our model provides for the observed variable stoichiometry of the 
proton pumping cycle (see below). 


The Primary Event (bR568>K6i0) 


The primary event involves an extremely rapid?’ all-trans to 
13-cis photoisomerization of the chromophore. 2" 15» 23 The observed 
deuterium isotope effect suggests that a proton translocation may 
also occur, but whether or not this translocation involves a 
residue in either channel is, of course, unknown. The spectroscopic 
and energetic evidence suggests that this rapid proton translocation 
during the primary event does not involve the chromophore proton nor 
the primary counterion. /° Although it would certainly be possible 
to incorporate a proton translocation associated with the primary 


M(412) 


INSIDE 


H~oO—R 


OUTSIDE 


N(520) 


INSIDE 


OUTSIDE 


O0(660) 


INSIDE 


OUTSIDE 


vil 


“WW 14 39g “YY 


Fig. 


3. 


A schematic diagram of the proposed two channel model of 
the proton pumping mechanism in light-adapted bacterio- 
rhodopsin. The various intermediates are assigned in the 
lower left-hand corner of the rectangular boxes, and order 
of magnitude estimates of their formation times following 
excitation are indicated in the upper left-hand corner. 
The primary counterion (ASP 212) and Tyrosine 26 are indi- 
cated by "O-A-" and "O-T-", respectively. All the other 
proton donors and acceptors are indicated by "-R-O" (left 
channel) or "O-R-" (right channel). The protonated Schiff 
base chromophore is indicated by "C-N-H" (all-trans) or 
"H-N-C" (13-cis). Residues which carry a net charge are 
indicated in bold-face. 
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event into our model, we doubt that it is a significant component 
of the proton pumping cycle and we therefore do not attempt to 
assign this event to any specific process. 


The photoisomerization is the primary source of the energy 
storage in the primary event.2/!° The experimental ® and theoretica 
evidence suggests that approximately half of the energy storage is 
associated with charge separation, and half is associated with 
conformational distortion of the chromophore-protein ensemble. The 
movement of charge from the right channel to the left channel simul- 
taneously destabilizes both channels and it is the restabilization 
of these channels during the dark reactions that is responsible for 
pumping two protons. 
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The K61097L559 Dark Reaction 


This reaction occurs in vl us and is viewed as a partial 
relaxation of the left channel involving small motions of the resi- 
dues near the chromophore and the generation of a weak hydrogen 
bond involving the chromophore proton and a local carboxylate or 
other hydroxy residue. The formation of the hydrogen bond stabil- 
izes the ground state and blue shifts the absorption maximum. A 
portion of this blue shift is due to chromophore relaxation. 


The Ls5597?My 12 Dark Reaction 


The hydrogen bond formed during the preceeding Kg197L550 reac- 
tion is viewed as the precursor to the present reaction which stab- 
ilizes the primary channel via deprotonation of the chromophore to 
form M,)9. This reaction stabilizes the entire primary channel by 
returning the channel to its original hydrophobic state and results 
in the ejection of the first proton into the extracellular medium. 
A simultaneous reaction in the secondary (RHS) channel occurs to 
stabilize the primary counterion (Asp 212) which was originally 
destabilized during the primary event. The proton donor is a 
tyrosine (Tyr 26?) which is preferentially deprotonated due to local 
pK, changes. In this regard, our model follows previous models 
based on light-induced pK, changes in the protein. 28/29 Merz and 
Zundel have suggested that Tyrosine 26 and Aspartate 212 are in 
close proximity , 29 and the transfer of a proton from a tyrosine to 
a carboxylate group during M,)}5 formation is experimentally ob- 
served, 18722 


The stabilization of the left and right channels has destabil- 
ized the chromophore. The secondary counterion is presumed to 
remain unmasked which places the g-ionylidene ring in an hydrophilic 
environment which is energetically unfavorable for the Schiff base. 
Subsequent dark reactions now take place to stabilize the chromophore 
via hydrogen bonding and eventual reprotonation. 
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The My197N529 Dark Reaction 


This dark reaction is relatively slow and involves "partial" 
reprotonation of the retinyl chromophore to form a strongly hydrogen 
bonded species with the hydrogen shared between the chromophore and 
a primary channel residue. The Ns5oqg intermediate is very similar 
to the L559 intermediate except that the hydrogen bonding residue 
is a different group in the primary channel (Fig. 3). Note that in 
both L559 and Nso9, the primary channel hydrogen bonding residue is 
across from the secondary channel counterion (Asp 212 in Ls5so, 

Tyr 26 in Ns599)- This provides electrostatic stabilization of the 
hydrogen bonded species and assumes a certain degree of flexibility 
in the movement of the chromophore. It is perhaps more reasonable 
to view the My,12°Ns5099 dark reaction as an equilibrium (My,)92N590) 
because the driving force for this step, and the barrier for this 
interconversion, are probably very small. 


The N52970660 Dark Reaction 


One of the interesting, unsolved problems associated with the 
proton pumping cycle of bacteriorhodopsin is how the chromophore 
reisomerizes in the dark to form the all-trans conformation. We 
believe the key to this mechanism is the Ns599%Og¢q dark reaction. 
Resonance Raman experiments indicate that the chromophore in O66o 
is distorted all-trans. Theoretical calculations indicate that the 
barrier to 13-cis>l3-trans double bond isomerization in the ground 
state is much lower in the protonated Schiff base than in the 
unprotonated Schiff base.°! This barrier decreases further fora 
protonated Schiff base in the absence of the primary counterion due 
to the importance of the resonance structure shown on the right- 
hand-side of the following diagram: 3! 


secondary secondary 
counterion counterion 


The tyrosine residue in Ns599 provides a distant primary counterion 
that favors the left-hand resonance structure. However, the trans- 
location of protons down the secondary channel to mask the tyrosine 
counterion immediately favors this right-hand resonance structure 
and the chromophore immediately isomerizes back to the all-trans 
conformation. The 13-cis to all-trans isomerization relieves 1l.3 
kcal mol~! of strain energy in the chromophore. °2 The extremely 
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red shifted absorption maximum is characteristic of a retinyl pro- 
tonated Schiff base in the absence of a primary counterion. 


The Og69 to bRs5¢6g Dark Reaction 


The second proton is pumped during this slow (10 ms) dark 
reaction to reform bRs5gg. The driving force for this reaction is 
the electrostatic stabilization of the protonated Schiff base via 
the unmasking of the primary counterion (Asp 212). This event 
pumps the final proton via the secondary channel provided the 
electrochemical gradient is not too large. The alternative (which 
will not result in an extracellular proton being pumped) is depro- 
tonation of the primary counterion through transfer of a proton 
back "up" the secondary channel (see Fig. 3). The isomerization of 
the chromophore will selectively translocate the proton in the 
direction of the double bond rotation. In other words, a clockwise 
13-cis+13-trans isomerization in 0(660) (Fig. 3) will select extra- 
cellular proton ejection. Our model presumes isomerization is con- 
strained by the protein to preferentially choose this pathway. 
However, a large electrochemical gradient could override this 
preference and we view the Oggq7bR5¢g dark reaction as a weak proton 
pumping reaction step. 


COMMENTS AND CONCLUSIONS 


The proton pumping mechanism of light-adapted bacteriorhodopsin 
is extremely complex and the present model is surely inadequate to 
fully explain the intricacies of this process. Two elements of our 
model, however, deserve closer scrutiny because they have important 
advantages which have been lacking in previous models. These ele- 
ments are, 1) the use of two separate proton conducting channels 
and 2) the concept that reisomerization occurs due to the inter- 
action of the chromophore with its secondary counterion during 
masking of its primary counterion. The two channel model is ener- 
getically efficient because the primary event destabilizes both 
channels simultaneously. Two separate electrostatic gradients are 
therefore developed simultaneously, and the dark reactions that 
occur following the primary photochemical event restabilize both 
channels via dual extracellular proton ejection. A plausible 
explanation for the ground state reisomerization of the chromophore 
(13-cis+all-trans) is advanced based on the assumption that this 
process occurs when the protonated Schiff base chromophore is 
stabilized solely by a secondary counterion near the §-ionylidene 
ring Cs carbon atom. Resonance stabilization of this structure 
results in significant ground state bond order reversal which gen- 
erates a pseudo C)3-C}, Single bond thereby lowering the barrier 
to reisomerization. The proposed structure provides a realistic 
explanation of the highly red-shifted absorption maximum of the 
Oge6g intermediate. 
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ABSTRACT 


We propose that collectively localized nonlinear excitations 
(solitons) exist in DNA structure. These arise as a consequence of 
an intrinsic nonlinear ribose inversion instability that results in 
a modulated § alternation in sugar puckering along the polymer 
backbone. In their bound state, soliton- antisoliton pairs contain 
premelted core regions capable of undergoing breathing motions that 
facilitate drug intercalation. We call such bound state structures 
B premeltons. The stability of a B premelton is expected to 
reflect the collective properties of extended DNA regions and to be 
sensitive to temperature, pH, ifonic strength and other thermodyna- 
mic factors. Its tendency to localize at specific nucleotide base 
sequences may serve to initiate site-specific DNA premelting and 
melting. We suggests that 8 premeltons provide nucleation centres 
important for RNA polymerase-promoter recognition. Such nucleation 
centers could also correspond to nuclease hypersensitive sites. 
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The possibility that nonlinear excitations (solitons) exist in 
biopolymers and play a central role in energy transfer was first 
advanced by Davydov in his classic series of papers (1-3). In 
addition, a different class of solitons that give rise to localized 
conformational changes in DNA structure has been proposed by 
Englander et al. to explain DNA breathing phenomena (4). 


Solitons are intrinsic locally coherent excitations that move 
along a polymer chain with a velocity significantly less than the 
speed of sound (they may even be stationary). They are combina- 
tions of intramolecular and deformational excitations that appear 
as a consequence of an intrinsic nonlinear instability in the 
polymer structure. 


Extensive research on solitons in many physical systems has 
shown that this nonlinearity gives the spatially localized confor- 
mational excitation a robust character (5,6). Solitons do not 
significantly interact with conventional normal mode excitations 
(i.e., phonons). They have their own identity and can be treated 
by Newtonian dynamics as heavy Brownian-like particles, each having 
an "effective mass". Solitary structures -- as sites for biochemi- 
cal activity -- behave like independent species and can be treated 
by statistical mechanics and chemical thermodynamics. They can 
arise from equilibrium or nonequilibrium processes. 


Here, we propose that localized nonlinear excitations -- 
solitons -- exist in DNA. These arise as a consequence of an 
intrinsic nonlinear instability in DNA structure which is primarily 
associated with interconversions between the two predominant 
sugar-pucker conformations, C2' endo and C3' endo. In their bound 
state, soliton-antisoliton pairs surround g premelted core regions 
—-- these regions can undergo breathing motions that facilitate the 
intercalation of drugs and dyes into DNA. Similar bound state 
structures could act as phase coundaries that connect different DNA 
forms. 


Several communications describing our ideas have already 
appeared (/-9). Here, we develop these ideas in greater detail. 


Drug Intercalation into DNA 


Structural features of our theory have been suggested by 
information obtained through X-ray crystallographic studies of 
model drug-DNA complexes. These studies have indicated that DNA 
undergoes a highly specific conformational change at the immediate 
intercalation site when binding a class of intercalating agents 
known as simple intercalators. This (localized) structural state 
is characterized in part by the presence of a mixed sugar- 
puckering pattern connecting adjacent base-paired nucleotides -- 
C3' endo (3'-5') C2' endo -- and, in addition, involves less 
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pronounced changes in the torsional angles that describe the 
glycosidic and sugar-phosphate bond linkages. This allows DNA to 
Stretch and to unwind when accommodating an intercalator. 


More generally, we have proposed this (base-paired dinucleo- 
tide) structure to belong to a family of structures, each of which 
corresponds to an element of organized g structure (see discussion 
below) (10). All elements possess the same mixed-sugar puckering 
pattern and have similar backbone conformational angles -- but vary 
in the degree of base-unstacking. Lower energy forms contain 
base-pairs completely unstacked. Steroidal diamines such as 
irehdiamine A, bind to the lower energy g element through partial 
intercalation, while planar drugs and dyes bind to higher energy 
8 elements by complete intercalation (11). 


A DNA structure of particular interest is stabilized at 
saturating concentrations of drugs such as irehdiamine and 
ethidium. This is an organized helical structure that contains the 
Belement as the asymmetric unit. We call this neighbor-exclusion 
structure — DNA, or, for reasons to be described shortly, 8 
premelted DNA (12). 


Irehdiamine stabilizes a low energy form of 8 premelted DNA, 
while ethidium stabilizes a higher energy form. We have described 
the molecular nature of these structures elsewhere. 


How do g structural elements arise in DNA -- and what are the 
surrounding structural features on either side of these elements? 


We propose that 8 elements arise as part of more organized £8 
structure, whose appearance reflects the presence of a soliton- 
antisoliton (i.e., kink- antikink) bound state in DNA structure 
(see Figures la and 1b). Such a structure contains a modulated 8 
alternation in sugar puckering about the central g premelted core 
region which gradually merges into B DNA on either side -- 
typically, a structure of this kind would give rise to an energy 
density profile similar to that shown in Figure lc (13). We call 
this type of composite structure a 8 premelton (14). 


We have already described the methods used to construct this 8 
premelton (9). The B DNA to 8 DNA transition was first computed 
as a homogeneous transition involving the entire polymer length. 
This was accomplished in a series of steps in which the sugar 
puckering of alternate deoxyribose residues was altered and the 
structure then energy minimized subject to a series of constraints 
and restraints. To simulate the bound state structure, base- 
paired dinucleotide elements from each structure in this sequence 


Figure l. 


(a) Molecular representation of the soliton-antisoliton bound state structure in B DNA. 
(b) Schematic illustration of the gradation of structural change that connects the 

B premelted core with B DNA on either side through soliton-antisoliton pairs. (c) A 
typical energy density profile of the kink-antikink bound state structure -- the dip in 
the center of the energy density profile signifies the presence of a metastable structural 
state. We call this type of composite structure a 8 premelton. 
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were then pieced together using a least squares procedure. The 
decision to compute twelve intermediate structures and to then use 
these to construct the soliton- antisoliton bound state (without a 
detailed knowledge of the total energies involved) is somewhat 
arbitrary, but does not alter the basic conclusions presented here. 
More complete computations are in progress to obtain a family of 
minimum energy bound state structural forms. 


We cannot say at the present time whether the center of the g 
premelton is open enough to accommodate an intercalator such as 
ethidium. However, structures such as these have an intrinsic 
ability to undergo low frequency breather motions and it is 
possible that such motions facilitate the intercalation process. 


—— OS EE ES EE 0 ee 


We envision intercalation to begin with the loose (external) 
binding by an intercalator to the B helix. A 8g premeltin then 
appears in the region -- this either immediately permits the drug 
molecule to intercalate, or a breathing motion of sufficient 
amplitude is first required. Simple intercalators may pin 
(immobilize) the g premelton. They could also prevent soliton- 
antisoliton anihilation (a spontaneous event that returns DNA in 
the immediate region to its ground state structute, i.e., B DNA). 
This is because simple intercalators bind the g premelted core 
region tightly. Complex intercalators may vary in this regard. 
Actinomycin could stabilize the g premelted core within the 
8 premelton, pinning the structure and also preventing its self- 
anihilation (15). Daunomycin, however, may be unable to do this 
and ends up, therefore, binding to a conformation very similar to B 
DNA (16). 


The term "soliton" is synonomous with "kink", and refers to a 
gradation of structural change either within a single structural 
type (i.e., a nontopological soliton) or connecting two different 
structures (i.e., a topological soliton). The structure shown in 
Figure la consists of two topological solitons -- a (B+8g ) soliton 
and a ( 8 > B) antisoliton. These two structures surround the 
premelted core region and are related by 2- fold symmetry. 


In Figure la, we show a 8 premelton containing a small 
premelted core. Premeltons having higher energies can occur. 
Bifunctional intercalators, such as echinomycin, require g premel- 
tons with larger cores. Intercalators that necessitate the tran- 
sient rupture of hydrogen bonds connecting base- pairs to gain en- 
trance into (and out of) DNA (i.e. meso-tetra-(4-N- methylpyridyl) 
porphine) (17) require £8 premeltons with still larger cores. We 
term distortions that combine base unstacking with the transient 
rupture of hydrogen bonds connecting base-pairs -- DNA breathing 
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distortions. We expect such (dynamic) distortions to take place in 
the center of extended regions of 8 premelted DNA. 


The §g premelted core region within soliton-antisoliton bound 
state structures can be thought of as a transition state that 
nucleates the DNA melting process (hence, the name g premelted 
DNA). At lower temperatures, soliton-antisoliton pairs surround 
small g premelted cores. As the temperature rises, these bounding 
soliton-antisoliton pairs move apart leaving central regions of the 
growing g premelted cores more and more disordered. Finally, with 
increasing temperature, denaturation bubbles appear that contain 
regions of denatured DNA connected to native DNA. These kink and 
antikink structures, therefore, act as structural boundaries 
connecting denatured DNA with native DNA in the helix to coil phase 
transition. They also act as (partial) phase boundaries in a 
variety of DNA structural phase transitions -~- we will describe the 
nature of one such transition below. 


B-A Junction 


Soliton concepts allow us to propose the molecular nature of 
the junction that connects B with A DNA during the B to A struc- 
tural phase transition. Such a junction (shown in Figures 2a and 
2b) has been constructed in a manner similar to that described 
above. 


A homogeneous £8 DNA to A DNA change was computed as a 
sequence of transitions involving the entire polymer length. 
Dinucleotide elements from this sequence and the B to 8 sequence 
were then connected together using the least squares joining 
procedure. The final structure consists of two different topologi- 
cal solitons -- a (B+ 8) soliton and a (8 > A) antisoliton and 
vice versa. Such a junction constitutes a phase boundary trans- 
forming B DNA to A DNA. In the global sense, this kink-antikink 
bound state is topological since it alters the structure of the 
polymer as it moves along its length. 


How does the B to A transition begin? 

We envision the B to A transition to begin at the centers of 
premeltons with B DNA structure. Nucleation could be site speci- 
fic, and involve growing regions of A DNA joined to B DNA on either 
side as [(B +8): (8 > A)] and [(A>+B): (8B > B)] 8 premelton pairs 
(see Figures 3a - 3d). Each 8 premelton contains a small 8 
premelted core, and moves along the polymer with minimal activation 
energy. Its high free energy and ease of movement could account 
for the cooperative nature of the phase transition. 


Figure 2. 


(a) Phase boundary connecting B with A DNA. (b) Schematic illustration of the gradation 
of structural change that connects the 8 premelted core region with B DNA on one side 
and A DNA on the other side through kink-antikink pairs. See text for discussion. 
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Discussion 


Soliton concepts provide a strong rationale for expecting 
coherent nonlinear excitations to extend over multiple base pairs 
to provide either transient or permanent conformational changes in 
specific DNA regions. These will always be present to a certain 
extent at normal thermal energies, but their concentrations will 
depend on temperature, pH, ionic strength, hydration, extent of 
super helicity and other thermodynamic factors. 


The stability of soliton-antisoliton pairs in naturally 
occurring DNA is further expected to reflect the detailed 
nucleotide base sequence. This is partly because the ease with 
which § premelted core regions form primarily reflects the magni- 
tude of localized base stacking energies. Nucleotide sequences 
with minimal base overlap (i.e., alternating purine-pyrimidine 
sequences) are likely to be favored to form 8 premelted core 
regions, along with sequences that contain high A-T/G-C base ratios 
(18). Equally important are the energetics in the kink and 
antikink regions. As seen in Figure lc, the stability of a | 
kink-antikink bound state reflects the depth in the energy minimum 
within the 8 premelted core coupled with the height and separation 
of the domain walls on either side. 


It is evident that sequentially homogeneous DNA polymers are 
not good models to understand the properties of naturally occurring 
DNA since they lack sufficient information in their nucleotide base 
sequence to give rise to this site specificity. In the context of 
soliton models, this poses the problem of describing soliton 
behavior in the presence of locally altered potentials -~- a general 
theory for this has been developed (19). This theory shows that 
(nontopological) solitons either move nonuniformly or are trapped 
by locally favorable potentials. It remains to extend this theory 
to DNA structure to predict the localization of kink-antikink bound 
states at specific nucleotide sequences. Since the kink~antikink 
pair is multiple base-pairs in extent, it may be that the effective 
trapping potential involves the recognition of an extended sequence 
rather than being determined by any single base-pair energetics or 
its immediate neighbors. 


We note experimental evidence that indicates the presence of 
nuclease hypersensitive sites in eukaryotic DNA, many of these 
located at 5' ends of genes (20,21). These same sites are 
sensitive to cleavage by a 1,10- phenanthroline-copper(1) complex, 
a known intercalating agent. It is possible that these sites 
correspond to the centers of 8 premeltons localized in these 
regions. 


The presence of 8 premelted core regions within kink-antikink 
pairs could provide a key component in the recognition of the 


(a) 


{b) 


(c) 


Figure 3. 


(8-4) SOLITON (4B) ANTISOLITON 8 ONA 
ZB stl CORE 


_— | 


B DONA 


8 ONA  § DNA 


(8-8) SOLITON (4-a) aNTISOLITON AONA = (q~@) SOLITON ~ (@=B) ANTISOLITON 
B PREMELTED CORE B ar CORE 


Schematic illustration of the B to A structural phase transition. (a) Nucleation begins 
at the centers of 8 premeltons within B DNA structure. (b) and (c) (B > 8) solitons and 
(8 + B) antisolitons move apart, leaving growing regions of 8 premelted cores whose cen- 
ters begin to form A DNA. (d) Completion of the [(B > 8):(B > A)] and [(A > 8): (8 > B)] 
B premelton pairs with intervening A DNA structure. 
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promoter by the RNA polymerase enzyme. RNA polymerase-promoter 
recognition could begin with the loose binding to 8 premelted 
nucleation sites within promoter regions, followed by a sequence of 
conformational transitions that progressively lead to a more open 
tight binding complex. Such an autocatalytic process can be viewed 
as one that creates "an avalanche of kinks”, whose energies come 
from the stepwise interactions between the RNA polymerase and the 
promoter. This results in the formation and propagation of a new 
DNA phase -- such a phase could resemble the’ g structure, but be 
more completely unwound and single- stranded. 


The process of RNA transcription could begin within this more 
open g premelton structure. The RNA polymerase enzyme then acts to 
catalyze the stepwise polymerization of ribonucleoside triphos- 
phates into RNA, using one of two g denatured DNA chains as a 
template. Normal chain termination either occurs spontaneously, or 
requires other factors. Actinomycin and other related antibiotics 
are known to cause premature chain termination (22). We suggest 
that these antibiotics intercalate tightly into 8 premelted DNA 
regions within the transcriptional complex. This tends to immobi- 
lize the complex, increasing the probability of premature chain 
termination. 


In recent years, increasing attention has focused on under- 
standing the full range of conformational flexibility in DNA 
structure. This has culminated in the discovery of the Z DNA 
structure, a conformational state radically different from either B 
or A structures (23). The detailed nature of soliton excitations 
in Z DNA will be different from these described here. However, 
concepts of kink-antikink bound states as phase boundaries inter- 
converting these forms will still be appropriate. We are attemp- 
ting to model the molecular nature of the phase boundary connecting 
B with Z DNA with this in mind. 
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INTRODUCTION 


In recent theoretical | and numerical’ studies of resonant energy 
transfer into a Davydov soliton on alpha-helix in protein it was as- 
sumed in a general way that hydrolysis of adenosine triphosphate 
(ATP) to adenosine diphosphate (ADP) would ultimately lead to soli- 
ton formation, thus: 


ATP + H,0 + ADP + sy * other products (1) 


where S. denotes a Davydov soliton. The details of this reaction 
will be considered in the present paper. As a starting point for 
developing these details, we turn to the work of McClare?~/ who has 
insisted that biological energy must be resonantly transferred into 
functional protein, but we give careful consideration to arguments 
by Davydov8 that his soliton cannot directly absorb radiation. To 
resolve this difficulty we suggest an intermediate state, the proton 
soliton (S,) which differs from the Davydov soliton because only the 
hydrogen bonded proton moves rather than an entire peptide unit. We 
emphasize that S, is not a fictional entity: IR absorption by proton 
solitons in acetanilide has been observed. This is direct radiative 
transfer from the incident field into an Sp. Finally we posit the 
relaxation of a photon soliton into a true Davydov soliton. 


The biochemical mechanism proposed here consists of four reacu 
tions, two of which are standard while the other two involve solitons. 
Since the soliton concept is rather new to biochemistry, we take 
extra care to establish the validity of our non-standard reactions. 
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RESONANT TRANSFER OF BIOLOGICAL ENERGY 


The fundamental energy producing reaction in biological systems 
is generally accepted to be the hydrolysis of ATP; according to 
reference 5, 


[are + HO > ADP~? + HPO;? +H". | (2) 


Under normal physiological conditions this reaction produces about 
0.49 ev of free energy?. McClare has shown that there are only two 
ways for this free energy to do useful work3s4,/: i) By a "con- 
Strained equilibrium" mechanism as in a conventional chemical engine 
(e.g. battery, internal combustion motor, etc.) in which free energy 
does useful work on a time scale that is long compared with that of 
thermal relaxation, and ii) A "molecular energy" mechanism in which 
free energy does useful work on a time scale that is short compared 
with the thermal relaxation time. Since constrained equilibrium 
mechanisms are necessarily macroscopic, they cannot be used for bi- 
ological processes such as muscular contraction or active transport; 
thus we are forced to consider a molecular energy mechanism for the 
reaction shown in (2). 


A molecular energy mechanism converts the free energy from a 
Single reaction (2) into useful work. It cannot allow this energy 
to degrade into heat so it must act in a time short enough to avoid 
thermal relaxation, and this requirement strongly suggests resonant 
energy transfer. An obvious mechanism for resonant transfer is the 
relaxation of the proton produced in (2) back to water according to 


a" + OH > H04| (3) 


where the asterisk denotes an excited state. On the right hand side 

of (3) the free energy is assumed to reside in vibrational quanta 

of the water molecule. At this point it is interesting to notice that 
the H-O-H bending mode of water has a frequency of 1646 cm? at 200C10 
while from! the frequency of a soliton along a single channel of 
alpha-helix is 


E - 23 = 1647 cm" . (4) 


Thus a Davydov soliton is almost resonant with the H-O-H bending 
mode of water and we are led to consider a third reaction/ 


9 
a! 
H,0 a Sy + H,0 . (5) 


Attractive as this reaction is, it must be rejected for reasons 
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that have been discussed in detail by Davydov®. To appreciate this 
problem consider that the Davydov soliton is a localized state of 

the alpha-helix involving interaction between amide-I (essentially 
C=0 stretch) vibrations and longitudinal sound waves®»!1. Localized 
amide-I bond energy acts to generate longitudinal sound which in 

turn reacts to trap the bond energy and prevent its dispersion. 
Creation of a soliton directly from radiation would require a time 

of the order of a period of longitudinal sound (“107+*sec) and during 
this time the frequency of the soliton state would be changing. Since 
resonance could not be maintained during the absorption process, it 
cannot take place. This ''Frank-Condon principle" forbids direct ra- 
diative transfer of free! energy from H,0% into a Davydov soliton as 
indicated in (5). 


The restrictions of the Frank-Condon principle can be avoided 
for a soliton in which sound distortion takes place as fast as the 
amide-I vibrations. We consider such a soliton in the next section. 


THE PROTON SOLITON 


The Davydov soliton arises from a cooperative interaction be- 
tween localized amide-I bond energy and lattice distortion. From 
reference 8 the interaction energy operator is 


“A A 


ras _ o+ 
ADs Xp Le (Ueto Uo? Bao Bio (6) 


where the subscript n counts turns of the helix, a (= 1, 2 or 3) 
specifies one of the three peptide units on each turn, BT (Bao) is a 
creation (annihilation) operator for amide-I vibrational quanta, and 
Ung is a longitudinal position operator for the (n,a) peptide unit. 
(See references 11 and 12 for figures that clarify the geometry.) 


We are interested here in a soliton for which the time scale of 


the interaction energy is about equal to a period of amide-I vibra- 
tion. Thus we choose the total interaction operator to be 


H. = Hy. +H, (7) 


where 


“A = “nw ot “A 
rl Xo ) Tho Bio Baa (8) 
n,o 


and q_, 18 a position operator for displacement of the hydrogen 
bonded proton in the out-of-plane NH bending direction!3, Then, fol- 
lowing Davydov8,1!1, we choose a soliton wave function 
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Gat 
MY son ” 2 g(t) ° B | > (9) 
where 
“ 1 A A “A “A 
ore ¥ L [Bg St? Pro 7 Tat? “no * Y ng St) P 0. 7 Tg St dag! 
(10) 
Thus 
. = _ 2 
Veo |i 501? 7 1 Xp Boat sa Baw * XD Yao lang! (11) 
where 
Bt) ~ <b551 na! Yso1? (12) 


is the average longitudinal displacement of the (n,0) peptide unit 
and 


Yng't? = <p dial sor? (13) 


sol 
is the average position of the corresponding hydrogen bonded proton. 


Thus the probability amplitude for an amide-I vibrational 
quantum along the first chain, a_,, is governed by the Schridinger 
nl 

equation 


if ant ~ E, * Xp Pett 7 Pap ° Xo vn ase 


~ Sean Fay t Lag + a9)? 14) 


where Eg is the amide-I vibrational energy and J and L are respec~ 
tively longitudinal and transverse dipole-dipole interaction energies. 
Also we have the equation 


as _ _ 2 _ 2 
me wt 7 att Pad Xp (lay lana )(15) 
which describes longitudinal motion of peptide units along the first 
chain. Dynamics of the hydrogen bonded protons are governed by 
ay) 2 2 
+ W = - 
ma ont? Xolan, | (16) 
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where mp 18 the proton mass and Wp is the frequency of out-of-plane 
NH bending (700 cm™+)13, The time scale for proton motion is We = 
7.6 10°1° sec while that for the lattice motion is [m/w]? = 


1.21 107? sec. Thus for times within the range 


[m/w]? >t > um (17) 


we expect motion of the protons without longitudinal displacements 
of the peptide units. Since the time w.* is approximately equal to 
a period of amide-I vibration, the Frank-Condon principle does not 
forbid the formation of a soliton which involves interaction of 
amide~I bond energy with proton displacement. We call this a "pro- 
ton soliton" to avoid confusion with the Davydov soliton which may 
develop when 


t > [m/w]? (18) 


For the time range (17) 


s 2 
Y no 7 m w2 aot! (19) 
Pp Pp 


while BF = 0 so (14) can be written 


if an 7 (E 7 2J)a, * Jay 7 fay * a-1,1 
2 
Pp 2 i 
+ we fa, an L(a., . 443) ; (20) 


P Pp 


We now assume that the number of helix turns spanned by a soliton 
is large enough to permit the continuum approximation 


a - 2a + a 37a 
n+1,o no n-1,0 _ o 
ns) a ot a (21) 


where z = nb and b is the pitch of the helix. Then scaling the space 
variable by z = b(J/4)2x and the amplitudes by a = (K4/J)5A_ puts 
(20) into the form 0 o 
+A -1 2 * yal 
- E - + = 
1A wr ( O 23) Ay Ao xx ° ¥ 5 |Ag Ay it L(A ° Ay ) 


where 
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Then we can define A = col(A;, Aj, Aj) and obtain both for symmetric 


solutions (A; = Ag ) and antisymmetric solutions (Aj + Ag + Aj 
= 0 but | Ay | = |Ao| = ta3|) the vector nonlinear Schrédinger equa- 
tion 
: - 2 YY. Le oe 
iA- WCE - 2I)A+ A + (A** AA =H 'ZA (24) 
fe) XX 3 
where 
O L L 
Z={L 0 L ; (25) 
L L O 


For a single quantum of amide-I vibrational energy a stationary 
symmetric proton soliton can be written 


A=col(A,A,A) (26a) 
S S S 
where 
v2 Yo oy YD 
A, == sech (2 «| exp | it (2, +23-aL-72)e |. (26b) 


There is also a stationary antisymmetric proton soliton which can 
be written 


A = col (4 , A eer /3 A oP!) (27a) 
a a 
where 
any Yp 1 if 
A. = 19 sech € x) exp | i i (2, +25+n+72) | . (27b) 


The threshold conditions for establishing a proton soliton can 
be estimated from reference 1 by replacing the longitudinal spring 
constant w = 13 newtons per meter with MpWr = 29 newtons per meter 
for a proton soliton. Thus the "resonance" level of exciton-proton 
coupling at which two quanta of input are expected to launch a 
single quantum proton soliton at one end of a chain is 


Xor = 8.3 x 1071? newtons . (28) 
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Infrared absorption by proton solitons has been observed experiment- 
tally in acetanilide!4. Assuming the 15 cm7* red shift of the 1650cm7? 
band to be binding energy for a proton soliton, the exciton-proton 
coupling constant is calculated as 14 


Xo = 20 x 107"? newtons . (29) 


Thus we expect the reaction indicated in (3) can be followed 
by the transition of excited water (H»)0*) into one or perhaps two 
proton soliton(s) according to 


* 
H,O* > s., + H,0 . (30) 


On the left hand side it is assumed that the excited water carries 
two quanta of the H-O-H bending vibration (.41 ev) and that at least 
one of these quanta generates a proton soliton. 


THE DAVYDOV SOLITON 


On the time scale indicated in (18) we assume that reaction 
(30) has proceeded and a proton soliton has formed. Returning to 
(14) we no longer assume Byy(t) to be zero; its time evolution is 
now governed by (15). We have shown by analytical arguments in re- 
ference 1 (and confirmed by numerical calculations in reference 2) 
that initialization with two amide-I quanta localized over four 
adjacent bonds will excite a single quantum Davydov soliton when the 
resonance value of the excition phonon coupling parameter is 


Xpr = 4.7 x 107+? newtons . (31) 


This compares favorably with the self-consistent field calculations 
of Kuprievich and Kudritskaya!) which indicate that 


Xp = 3-5 x 1071? newtons . (32) 


In the present case, however, the threshold situation is some- 
what different: we assume that a single quantum proton soliton is 
initializing the system defined-by (14) and (15). From (11) we see 
that the total exciton-phonon interaction energy will become more 
negative when the effect of longitudinal motion of the peptides is 
considered during the time scale indicated in (18). Thus the binding 
energy of a Davydov soliton solution for the system (14) - (15) will 
always be greater than that for a proton soliton alone, and it is 
energetically favorable for a proton soliton to decay into a Davydov 
soliton (D,) according to 


140 A. C. SCOTT 


5 > Sy + phonons . (33) 


The phonons involved in (33) have been discussed theoretically 
and described numerically in reference 16. They travel at the speed 
of longitudinal sound which is [w/m)]2 helical turns per second or 
one helical turn in about .12 picosecond. The relaxation time (T) 
required in (33) is therefore 


T = alm, /w]? (34) 


where n is the width of a Davydov soliton measured in turns of the 
helix. From II we found n~5 so the relaxation time in (33) is about 


= 0.6x107** seconds . (35) 
The half width (Aw) of the proton soliton absorption is about 7 cm7? 
which implies !4 


1 _ -12 
ip = +76 = 10 seconds . (36) 


The approximate agreement between the relaxation times in (35) and 
(36) suggests that the proton soliton produced by infrared absorp- 
tion in acetanalide decays into a Davydov soliton according to (33). 


SUMMARY OF THE PROPOSED MECHANISM 


The mechanism that we propose for the transfer of free energy 
from ATP hydrolysis into a protein is embodied in the reactions (2), 
(3), (30), and (33) which are rewritten here for the convenience of 
the reader. | 


ATP-* + HO * ADP™* + HPO?” + H (0.49) (A) 
H' (0.49) + OH > H,0*(0.41) (B) 
H,0*(0.41) + (1 or 2) $ (0.205) + it,0 (C) 
5 (0.205) > S (0.205) + phonons . (D) 


Although, as we frankly admit, this reaction mechanism is speculative, 
it has the advantage of being quite specific and therefore subject 

to the rigors of experimental investigation. In particular we can 

Say just how much free energy is preserved at each step and where it 
is located. For example: 
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A) In the first reaction a free energy of 0.49 ev is carried 
by the extra hydrogen ion (Ht) produced during ATP hydrolysis. 


B) In the second reaction this hydrogen ion combines with OH™ 
to produce an excited water molecule that carries two vibrational 
quanta (0.41 ev) of free energy in H-O-H bending. 


C) In the third reaction the free energy of at least one (pos- 
sibly both of these H-O-H vibrational quanta is transferred to at 
least one (possibly two) proton solitons. 


D) The free energy of a proton soliton (0.205 ev) is trans- 
ferred directly to a Davydov soliton. 


Thus this mechanism has an efficiency of 42% if only one proton 
soliton is produced in the third reaction. If two proton solitons 
are produced, the efficiency will be 842, 


In any resonant energy transfer mechanism involving water one 
is forced to consider whether the water will not also act in an un- 
desired way to dissipate free energy. If water can send energy in 
resonantly, why can't it carry energy away just as easily? McClare2~/ 
has dealt with this question by assuming that the energetic states 
of a biomolecule could be symmetric (with a large dipole moment) for 
the absorption of radiation and antisymmetric (with a much smaller 
dipole moment) for the preservation of free energy. As we see from 
(26) and (27), solitons on alpha-helix come in both symmetric and 
antisymmetric configurations and therefore fully satisfy McClare's 
requirements. Recent electromagnetic calculations indicate that the 
lifetime of a symmetric soliton on alpha-helix that is totally im- 
mersed in water is about 500 picoseconds while the lifetime of an 
antisymmetric soliton must be much longer!/. In the present picture 
water losses from a Davydov soliton should be somewhat lower since 
it will be tuned 10-20 cm-* below a proton soliton because of its 
extra binding energy. Finally we expect the Frank-Condon principle® 
to be just as effective in preventing direct radiation from Davydov 
soliton as in preventing direct radiative absorption. 
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1. INTRODUCTION 


The general opinion and knowledge about nonlinear phenomena in 
the physical sciences has grown quite remarkably within the last 20 
years. The prevalence of nonlinear processes in nature has been 
recognized for a long time - but until recently - also often neg- 
lected when dealing with specific problems. This approach was 
necessary in order to get tractable models which could be handled 
with the well proven linear mathematical tools, such as Fourier 
analysis and superposition principles. The fruitful collaboration 
over the last two decades between applied mathematicians, physi- 
cists, and engineers ~ has however brought about new mathematical 
tools which makes it possible to deal with certain nonlinear 
problems in a more systematic way. In particular, there are systems 
in which nonlinear and dispersive effects coexist and compete - this 
competition is often relieved by formation of a stable pulselike 
object - it is in such systems that the concept of the soliton 
plays a useful role. Especially when viewed as a paradigm for a 
new nonlinear "normal" mode. This approach has already been 
applied with success in a number of areas of physics where dis- 
persive and nonlinear effects are important, i.e. condensed matter, 
plasmas, and optics.‘ So it is with some optimism that we are now 
facing the similar but much more complicated problems in biological 
systems. 


DAVYDOV has as a first step in this direction considered a 
regular chain of hydrogen-bonded peptide groups. I shall not out- 
line the details of the theory here - it is well described in the 
references??? and also in A. C. SCOTT's contribution to these pro- 
ceedings. Also, the mathematical formalism is in certain cases 
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identical to that of the molecular crystal model developed by 
HOLSTEIN.* However, I would like to emphasize the following basic 
rationals behind the theory: i) All peptide groups have a parti- 
cularly characteristic intramolecular vibration called amide-I, 
consisting mainly of C = 0 valence vibrations with a frequency of 
1650 cm ? (~0.21 eV). It is tempting to view the amide-I mode as a 
possible "basket" for storage of energy (released during ATP hydro- 
lysis (0.43 eV ~ 2 X 0.21 eV) e.g.). ii) One mechanism which tends 
to act against localization of amide-I energy is due to resonant 
transfer of energy between the identical peptide groups in the 
molecular chain. This dispersion mechanism can be approximated as 
an electrostatic dipole-dipole interaction and is particularly 
important because the transition dipole moment of the amide-I 
vibration is relatively large (d ~ 0.3D). iii) Counteracting this 
mechanism, is the coupling between the amide-I vibration and other 
intra- and intermolecular excitations. In DAVYDOVs original work, 
emphasis was put on the displacement of the peptide group as a 
whole. When a particular peptide group is excited with amide-I 
energy its interaction with neighboring peptide groups changes, 
resulting in a change in the equilibrium distance between groups. 
The actual energy of a peptide group thus depends on its dis- 
placement, making the system nonlinear. In the recent work by 
CARERI et al.° the displacement of the proton intrinsic to the 
peptide group was considered as an intramolecular excitation coupled 
to the amide-I vibration. Here, the result is essentially the 

same - the coupling leads to focusing of amide-I bond energy. 


The above mentioned competition between dispersion and focus- 
ing of amide-I energy, will in a regular system of hydrogen-bonded 
peptide groups - like a-helix proteins or acetanilide crystals - 
lead to the formation of a soliton like object which can travel 
along the chain without changing their shape. This is essentially 
a manifestation of the fact that the system has perfect transla- 
tional symmetry. A natural question to ask is: "How is this 
competitionrelieved in a real globular protein?" Such a system 
will in general not have translational invariance between the 
different peptide groups, and soliton formation is not to be 
expected. However, the mechanisms for dispersion and focusing of 
amide-I energy will still be present. 


In this paper I will describe some ongoing work which is aimed 
at generalizing DAVYDOVs ideas to a real globular protein. So far, 
a computer code, "GLOP", which calculates amide-I bond energy evolu- 
tion on a globular protein has been developed and tested. The code 
is quite versatile and take as input the coordinates of a protein. 
The full geometry of the molecule is then taken into account when 
the dipole-dipole interaction between peptide groups is calculated. 
The amide-I energy is coupled to one intramolecular excitation, but 
can without difficulty be extended to more or to include inter- 
molecular excitations. The outline of the paper is as follows: In 
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section 2, I describe the model Hamiltonian, in section 3 prelim- 
inary results for two structures are given, the first - acetanilide 
is a test case for a regular chain structure of peptide groups, the 
second is for the globular protein - lysozyme. Finally in section 
4, I comment on future work and relations to similar work in other 
fields. 


2. MODEL HAMILTONIAN 


In this section, I will derive the equations of motion for 
amide-I bond energy evolution on a protein structure which does not 
necessarily have a regular symmetry. This set of equations form the 
basis for the construction of the numerical code. The analysis is 
with a few exceptions, quite in the spirit of DAVYDOV?’?. 


The amide-I vibrational excitation will be treated as a one- 
excited state in terms of quantum mechanics. It will be coupled to 
an intramolecular excitation which will be treated as a classical 
variable from the beginning. Here I specifically consider the out- 
of-plane vibration of the proton of each peptide group® and assume 
that this motion can be described quasiclassically as an Einstein 
oscillator. I should stress that this simplified approach does 
not put limitations on the final code - the coupling to other intra- 
or intermolecular excitation can easily be included. 


If b! and b. are boson creation and annihilation operators for 
an amide-¢ excitdtion on the j-th peptide group, then the Hamil- 
tonian for the pure amide-I system is given by 


V. 
-Deote. + SD ik wtp! 
Ha € 5b .b. + aS 5 (b,.b+b,b,) . (1) 


The summation is carried out over all N peptide groups in the sys- 
tem. The first term in Eq. (1) defines the amide-I excitation 
energy without considering the resonance dipole-dipole interaction. 
Here €, is the energy of the amide-I vibration on the j-th peptide 
group.~ This energy varies slightly from group to group - depending 
upon the actual configuration in which the peptide group is located 
(a-helix, B-sheet, random coil, etc.). For a regular chain struc- 
ture it is of course a constant. The operators in the last term 

in Eq. (1) represent transfer of amide-I energy from group j to k 
(and vice versa) due to dipole-dipole interaction. The quantity 
Vik is the dipole-dipole interaction energy between groups j and k. 


This energy is calculated in the usual electrostatic approxi- 
mation. Following CHIRGADZE and NEVSKAYA® the location of the , 
center of the transition dipole (d. = dr.) is placed about 0.4 A 
from the oxygen atom in the oxygen4nitrogen direction (see Fig. 1). 
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Fig. 1. Dipole-dipole interaction between peptide groups. A unit 
vector: in the R direction is n = R/|R|. 


The direction of the transition dipole moment is taken as lying in 
the amide group plane and making an angle of 20° between the C = 0 
bond, being inclined towards the direction of the CN bond. This 
approach is what was used by MOORE and KRIMM in their analysis of 
polyglycine.’ Knowing the location - the interaction energy is 
easily calculated. Dipole k sees the potential: U(R) = dr.-R/ 
(4neR*). The field is: E = -V_U(R) or J 


d 
4neR 


5 [r, - 3(r.-n)a] 


The interaction energy is thus: Vik = ~E-dr, = Vi or 


a2 


Vix = Tar [r ier, - 3(r, +n) (r,*n)] (2) 


The dielectric constant, €, is taken as the screened value: ¢€(R) = 
€ for R< R_ and €(R) = n€é_ for R>R.. This reflects the fact 
that as R > 8 there is no intervening matter between atoms to in- 
crease €. Thus € = € for R sufficiently small. In the code R 

and n are adjustable parameters. For,the results reported in 
section 3, R, and n were taken as 15 A and 1.6, respectively. 


The next term we consider in our description of the peptide 
group system is the energy associated with the interaction of the 
amide-I excitation and the vibrations of the hydrogen-bonded proton 
in the out-of-plane NH bending direction. If F is a coordinate 
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denoting the displacement away from equilibrium of the proton on 
the j-th peptide group, then the interaction energy is 


f 
iy = XD Dp , (3) 


It reflects the fact that the amide-I energy depends on the distor- 
tion of the adjacent proton. The coupling constant, x, is in fact 
the change in amide-I energy per unit extension of the NH bond. 


The motion of the proton itself is governed by the classical 
Hamiltonian: 


2 
m m Ww 
Ho =T+U= PD + BPD? | (4) 
p ASI 2 7 J 


The mass of the proton is m_, while w_ denotes the frequency of out- 


of-plane NH bending (~700 cm !).8°5. The first term is the kinetic 
energy and the second the potential energy. 


The total Hamiltonian H = H, + H_ + Hy of the system must 
satisfy the time dependent Schrotinge? equation: 


ih Sel = HN = CAH HH) IP (5) 


The state of the system is described by the wavefunction, |(>, 
which is taken to have the form 


> =D 03, (t)b!]0> , (6) 
~ J J 
J 
where the a.(t) are complex numbers whose values at some initial 
time *re arbitrary (apart from normalization), and where the ket, 
10>, denotes the "vacuum" state of the amide-I excitation, also 


defined as the state for which b.|0> = 0. For simplicity the 
normalization is choosen as: 


cwly =D 1a, (t)1? = 1. (7) 
J 


Inserting Eqs. (1), (3), and (4) in Eq. (5) and using Eqs. (6) and 
(7) the following equations are obtained: 


ifia. = [e.+T+U]a. + yy.a. + Via, . 8 
ha, = le eTHUlS, + yy, 3, » ek (8) 
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In this set of equations j runs from 1 to N ( = number of 

peptide groups). As a closure, a set of equations for y. is needed, 
this is readily obtained from H by applying. Hamiltons equations 

(q = oH , p = - ss , here q = Yi and p = my), combined with Eqs. 


q 
(6)-(7): 


es 2 XY .~ ,2 
.-twy. =- = . . 9 
yu Ds lait (9) 


The Eqs. (8)-(9) are the main result of the analysis and form the 
basis for the code GLOP. They describe the time evolution of 
amide~I bond energy coupled to vibrations of the proton in the pep- 
tide group. The quantity |a.(t)|~ characterizes the distribution of 
amide-~I energy over the individual peptide groups of the protein. 


To get a better understanding for the behavior of Eqs. (8)-(9), 
it,is instructive to look at time scales which are slow compared to 
ut, . In this range Y; ~ 0 and Eqs. (8) and (9) can be combined to: 


° 2 
ifia. = [e.+U]a. - x 5 la.|a. + », Via, . (10) 
jo 7 I nwt I GG 
p Pp 


Further, introducing a.(t) = a. (te tUE/H - bogether with the 
scaled time variable t/= t/T, , where T, = Hum /X - we get: 


da. 

. J. _ 2 

ix 6a, la. | a. + 2 Yigtk , (11) 
here 6, = T €./f and y., = T V.,/f. Eq. (11) can also be written 
in mattix forn: jk o jk 

. dA _ = 

iq, = MA, (12) 
where A col[a,,a,,---,a ] and 


(13) 


2 
6,-fa,| Y12 13 Yin 
2 
¥12 65-145 ¥93 Yon 
NXN 
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In the form of Eqs. (12)-(13), it is readily seen that diagonal 
terms in M tend to focus amide-I energy while the off-diagonal terms 
are responsible for dispersion of energy. For numerical purposes it 
is useful to note the following conservation law for Eq. (12). 


t., 


~ 
-= a 


Multiplying Eq. (12) by ik’ one gets: AcA = ~iMJAI~, but since M 


ae — 
-_ 


is real we also have: AA = iM|AI*, from which it follows that 
AA + AA = 0 or AA = constant. Considering Eq. (7) this is of 
course not surprising, but it is useful in monitoring the numerical 
integration of Eq. (12). 


The code GLOP has been set up to integrate either Eqs. (8)-(9) 
or Eq. (11) with a given initial configuration of amide-I bond 
energy, a.(t=0), - and for Eqs. (8)-(9) initial proton displacement, 
y.(t=0). “As a start the coordinates for the desired protein struc- 
ture are input and the dipole-dipole interaction energies, V.,, are 
calculated from Eq. (2). The equations of motion are then inte- 
grated using a versatile leap-frog predictor-corrector method?. 

The accuracy of the integration is monitored at each time-step 

via the coyserved quantity. In addition to instantanous pictures 
of ja.(t)|~ during the time evolution, quantities measuring total 
"bending" - like |2 la;la,| - are recorded as a function of time. 


Various diagnostics - including Fourier analysis - can then be 
applied to such time series. 


3. EXAMPLES 


In this section, I will present two cases of what can be ob- 
tained from actual numerical integration of Eq. (11). These are 
only examples of preliminary results with the code GLOP - a de- 
tailed study of both systems will be published elsewhere. 


In order to test the code I have first studied a regular 
lattice system - acetanilide (or ACN) which has recently been in- 
vestigated quite extensively, both theoretically and experi- 
mentally®. The system basically consists of two close chains of 
hydrogen-bonded peptide groups. Attached to each group is a benzene 
ring and a methyl group!%. In Fig. 2, two "unit cells" are shown. 
The dark atoms belong to one chain, while the white ones belong to 
the other. Some atoms in the dark chain are partly covered by 
those of the white chain. The actual system considered consisted 
of 50 "unit cells". The dipole-dipole interaction in this system 
will be quite regular because of the translational invariance of the 
lattice. In Fig. 3 the number of peptide groups with a particular 
interaction energy is shown as a function of energy. It is seen 
that only a few destinct values play an important role. In fact, if 
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Fig. 2. Acetanilide (or ACN) consisting of two close chains of 
peptide groups. Two “unit cells" are shown. 


only nearest neighbor interaction between groups is taken into 
account, the system can be described by two coupled nonlinear 
Schrodinger equations®, and is thus expected to support soliton- 
like excitations. 


This is exactly,what is depicted in Fig. 4. It shows the time 
evolution of ja.(t)|~ resulting from the numerical integration of 
Eq. (11). The tesults are displayed for 50 different times in the 
interval 0 < t < 60 ps. The peptide groups are numbered from 1 to 
100, where 1-50 correspond to groups on one chain and 51-100 to 
groups on the other chain. The initial condition was one quantum 
of amide-I energy placed on group number one. A non-dispersive 
soliton-like object is seen to form, and propagate down the chain 
system. In addition, it is seen that,the energy is oscillating 
between the two chains. When la (t)| is large on one chain it is 
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Fig. 3. Dipole-dipole interaction energy distribution for ace- 
tanilide. 
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Fig. 4. Result of numerical solution of Eq. (11) with one quantum 
of amide-I energy placed at peptide group no. 1 in the 
acetanilide system. Groups with no. 1-50 are on one chain 
and groups with no. 51-100 on the other chain. The time 
evolution is shown for the first_0 ps approx. The 
coupling constant, yx, was 1.0°10 N (see Ref. 5). 


low on the other. This behavior is to be expected from an analysis 
based on two coupled nonlinear Schrodinger equations®. The result 
of Fig. 4 is confirming that this is actually a good approximation - 
even when the full dipole-dipole interaction is taken into account 
the nearest neighbor interaction tells the main story. 


To test the code on a real globular protein - preliminary runs 
with the enzyme lysozyme (from chicken egg-white) have been done. 
The structure is well known! and consists of 129 peptide groups. 
The carbon atoms in the peptide groups are shown connected as a 
"backbone" in Fig. 5. The overall non-regular structure is quite 
clear. Part of the structure is however in the a-helix configura- 
tion, those groups (5-15, 24-34, 88-96) are indicated by black 
carbon atoms in Fig. 5. The number of groups with a particular 
dipole-dipole interaction energy is shown in Fig. 6. The dis- 
ordered structure is clear when compared with Fig. 3 for ACN. In 
Fig. 7 we show the result of the solution of Eq. (11) with ini- 
tially two quanta placed on peptide groups 33 and 34 which is the 
end of the longest a-helix part. It is interesting to note that 
the energy basically stays localized on the a-helix part - it 
oscillates between the two ends for approximately 225 ps (as far as 
the integration was performed). Additional runs where the energy 
was initiated on other peptide groups (non a-helical), showed that 
dispersion of energy easily can occur too. 
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Fig. 5. Chicken egg-white lysozyme. The carbon atoms (from the 
C = 0 group, not a-carbon) in each peptide group are shown. 
The black atoms indicate a-helix regions (peptide groups 
5-15, 24-34, 88-96). 
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Fig. 6. Dipole-dipole interaction energy distribution for lysozyme. 
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Fig. 7. Results of numerical solution of Eq. (11) with two quanta 
of amide-I energy placed at peptide groups no. 33 and 34 
(a-helix). The time evolution is shown for aPprgx. 225 PS, 
The coupling constant, x, was chosen to 0.4°10 ~"N and m w 
was equal to 13 N/m. PP 


4. CONCLUDING REMARKS 


The examples given above are of course not exhaustive and more 
work is needed before conclusive statements can be made. In addi- 
tion to the study of the specific systems mentioned above, work is 
in progress to improve the code. In particular the following areas 
are considered. 


1) Finding localized stationary states. The possible initial 


conditions used for the dynamics calculations with Eq. (11) are not 
ideal at the present time. Stationary states - i.e. solutions to 
Eq. (12) of the form A= Ae ak , where wis a constant - would form 
a better starting point. Note that the superposition of such 

States is in general not a new stationary state. The nonlinear 
dynamics of Eq. (11) would govern the evolution. Inserting A = 

A,e ae in Eq. (13) leads to a nonlinear eigenvalue problem, where 
Eq. (7) is a constraint equation. The solution of this problem is 
the main difficulty in finding the stationary states. Of particular 
interest are those states which are localized and have low energy 
(small w). Such states could be expected to have soliton-like 
character if they were localized in places where the protein 
structure was fairly regular. 


In connection with this problem it is interesting to note that 
related work has been going on for some years in the area of 
amorphous semiconductors. Here equations similar to Eq. (11) arise 
naturally too. We refer the interested reader to the review by 
THOULESS??, 
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2) More realistic coupling to other intra- and intermolecular 
modes. The simple system represented by Eq. (9) should be extended 
to include more intra- and intermolecular excitations. More con- 
ventional molecular dynamics codes!* are already considering such 
systems and should be incorporated in GLOP. In this respect it is 
also important to consider dissipative effects (energy transfer 
from the protein into water e.g.). As a starter this could be 

done by including phenomenological damping terms in Eq. (11). 
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SOLITONS IN SYNTHETIC AND BIOLOGICAL POLYMERS 


A. R. Bishop 


Theoretical Division and Center for Nonlinear Studies 
Los Alamos National Laboratory 
Los Alamos, NM 87545 


1. INTRODUCTION 


Nonlinear science has, in recent years, begun to receive 
truly interdisciplinary attention and to involve a supporting 
interplay of analysis, computation and experiment. Most of the 
problems being addressed have a long history but are now benefiting 
from this new interdisciplinary view. The synergistic impact of 
computers plays an increasingly important role and there are some 
new concepts -~solitons, toplogy, "universal" routes to chaos and 
its characterization, pattern selection and evolution, etc. 
Significant advances have occurred in our appreciation for the 
consequences of strongly nonlinear phenomena and our ability to 
experimentally detect them. In particular the "soliton paradigm" 
has acquired, in the space of a decade, an astonishing list of 
applications across the natural sciences. Our focus here is only 
a small subset of these applications but already vast: namely 
applications in solid state materials and of those primarily 
low-dimensional examples (weakly coupled chains or layers). 
Furthermore, we will not discuss any problems arising in nonlinear 
diffusion equations, although these are fundamental in their own 
right for descriptions of reaction-diffysion systems, interface 
dynamics, nerve-pulse propagation, etc. 


Given the biophysical emphasis of this conference, our main 
concern is to indicate points of contact with the lessons which 
have been learned (sometimes painfully) in solid state and statis- 
tical physics over the last few years. To date only limited 
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cross-fertilization has occurred between the nonlinear problems in 
the synthetic and biological literatures. Yet the parallels can 
be striking at all levels - mathematical equivalences and computa- 
tional approaches and, even more importantly, phenomenological 
implications and suggested experimental probes. Since space is 
limited we can mostly only list some primary soliton concepts and 
material applications and give a guide to the relevant existing 
literature, whilst indicating potential applications in biophysical 
contexts (§§3-5). By way of illustration we will give a little 
more discussion of nonlinear effects at phase transitions (§3) and 
in certain synthetic polymers (§4). The relevant biophysic liter- 
ature is very well described elsewhere in these proceedings, which 
we will therefore merely reference as appropriate. 


2. SOLITON CONCEPTS AND APPLICATIONS 


Good introductions to soliton mathematics include refs. 3-5. 
Solid state and statistical physics applications continue to 
expand rapidly but representative examples and surveys can be 
found in refs. 1,2, 6-8. With regard to potential applications in 
biophysics we would particularly emphasize the following general 
points: 


(i) Solitons in one space dimension and with a small number of 
degrees of freedom at each "site" of a notional ,attice, occur in 
only three forms -- kinks, pulses and envelopes. 


The first two are clear and typified by kink solutions to the 
sine Gordon (SG) and related equations, or pulse solutions to the 
Toda lattice or Korteweg-de Vries (KdV) equations. Both are soli- 
tons in that they are spatially localized but can propagate without 
change of shape. Indeed the pulse is just a derivative of the 
kink. Their physical origins can be very different, however, 
Since their topologies are quite distinct -- the kink interpolates 
between two unconnected degenerate ground states whereas the pulse 
does not. Kinks are familiar as dislocations or domain walls, 
pulses as water wave solitons. Envelope solitons (often called 
"breathers" or "bions't} are sometimes found a more difficult 
concept and yet in many ways they represent the most important and 
wide-spread class. Here the envelope prescribes the localized 
soliton structure which may be moving or not, but there is an 
additional periodic oscillation of the envelope amplitude or 
internal carrier wave. In these cases four (not two) canonical 
variables are needed to specify the soliton's state. Breathers 
are so important because they can interpolate between linear modes 
and extremely nonlinear structures such as kinks. Similarly they 
can always be reached by a suitably high order anharmonic expansion 
in the linear modes. Thus they lie naturally at the center of 
controversies in many fields disputing the advantages of 
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conventional anharmonic perturbation theory versus particle-like 
soliton gas phenomenologies ~-- as with the wave-corpuscular nature 
of light it all depends on the property to be described (and the 
strength of the nonlinearity). The SG and nonlinear (cubic) 
Schrodinger (NLS) equations are typical sources of breathers. 


(ii) Solitons in nature will rarely if ever be close to the 
precise objects conceived by mathematicians because of perturbation 
and/or intrinsic terms which destroy exact,integrability of the 
governing equations of motion (as in the ® equation used in §3.) 
Nevertheless, the basic balances which are present in true soliton 
equation can act to "label" generic types of soliton systems (and 
the solitons which follow) and also are often very robust against 
quite severe perturbations. Thus the generic ingredients of the 
SG 

Oi ~ Me = Sin > (1) 
and related equations ($ is a field variable; x and t are space 
and time) are wave-like propagation in the presence of a periodic 
local potential -- the latter is motivated from a "pinning", 
“locking; , "registering" potential, depending on the physical 
origin ’ (dislocations in a metal, domain walls in a ferromagnet 
or ferroelectric, fluxons on a Josephson transmission line, dis- 
commensurations in a surface epitaxial layer, charged dislocations 
in a charge-density-wave material, etc.). The KdV equation 


6, + kbd +o = 0 (2) 


(k constant) characteristically combines weak nonlinearity and 
weak dispersion. In the case of the NLS equation 


; 2 
bot id, t IYI Y = 0 (3) 
we always have in mind slow, long-wavelength self-modulation of an 
almost monochromatic wave with linear dispersion and weak nonline- 
arity. In eqn. (3), % is a complex (i.e. two-component) field and 
k is a positive constant for most cases of interest. (The nega- 
tive sign generates quite different solitons and has fewer physical 
applications). 


(iii) The stability against many perturbations (e.g. damping 
mechanisms, driving fields, impurites, grain boundaries, lattice 
discreteness, etc.) has naturally lead to the prevalent notion of 
solitons as "particles", i.e. collective modes, responding to 
perturbations primarily fhroygh a collective co-ordinate describing 
a center-of-mass motion. ’ While this view has much validity 
and’ leads to the importance of solitons for dynamics (e.g. as 
fluxons on Josephson transmission lines), the rigid, dynamic 
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particle picture should not be used too literally. The equal 
importance of "solitons' for energetics, structure, statistical 
properties, etc., does not necessarily require simple dynamics. 
Thus the deformable nature of solitons (since they are not point 
particles) should always be considered. Again the effects of a 
discrete lattice are inherent in solid state and biological appli- 
cations and act to impede or even freeze ("pin") soliton motion -- 
indeed this pinning is the origin of a low frequency resonance 
identified by SCOTT in the model of alpha-helix proteins discussed 
in these proceedings by LAYNE and LOMDAHL and SCOTT. There are 
many other examples in solid state -- the Peierls-Nabarro pinning 
barrier js well-documented in the theory of dislocations, for 
example. More recently solitons appearing as "discommensurations" 
in incommensurate solid state phases can (on very long timescales) 
be randomly ("chaotically") trapped by a lattice pinning potentia 
which overcomes long-range repulsions between discommensurations. 


It is particularly important to realize that transport can 
involve solitons fundamentally without implying. simple ballistic 
or diffusive soliton motion, even though this is the most popular- 
ized mechanism --generalizing the familiar examples of slippage in 
metals via the motion of dislocations, or fluxon propagation on 
Josephson transmission lines, or soliton propagation along optical 
fibers. Hopping motion (of solitons or charges they may carry) 
can be of equally practical concern (as is likely in the conducting 
polymers of §4, where solitons appear as various kinds of "polar- 
ons", familiar in their own right). In other cases transport only 
occurs when solitons overlap sufficiently; in such cases an 
independent soliton picture is quite irrelevant. 


(iv) Some of the above remarks will have made it clear that 
nomenclature is unsettled. The mathematician's soliton equax 
Pe ae ; 4: 3-5 
tions have very precise meaning related to their integrability. 
This is directly connected with the remarkable soliton properties 
of collision stability, S-matrix factorability, Hamiltonian separa- 
bility etc. One extremely striking consequence is the ability to 
quantize solitons exactly and construct quantum statistical mech- 
anics. It is now appreciated that this intimately connects 
soliton systems to those solvable by "Bethe Ansatz" techniques -- 
indeed it is clear that, via appropriate mappings, quantum soliton 
systems can be related to almost all exactly solvable problems in 
many-body and statistical physics and field theory (mostly one- 
dimensiona] quantum or two-dimensional classical systems). The 
importance of exactly solvable models (defining anchor points of 
precise knowledge about which a fabric of intuition and approxima- 
tions can be woven) clearly gives true soliton systems a major 
unifying importance. However the term "soliton" has come to be 
used much less precisely in most physics literature -- signifying 
any spatially localized, finite energy, dynamic or static, 
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intrinsic order-parameter configuration (often termed an inhomogen- 
eous state). Stability is usually guaranteed on topological 
grounds; non-topological solitons (e.g. the pulses or envelopes 
above) are stabilized by dynamics or external influences (e.g. 
impurities, boundaries). 


Hopefully nomenclature will evolve to label a polaron a 
polaron or a vortex a vortex, etc. but the "soliton" label does 
serve a useful purpose to focus on an important nonliner paradigm. 
It is this paradigmatic sense for solitons which is most relevant 
in both solid state and biophysics. 


(v) Applications of paradigmatic (and in a few cases nearly 
literal) solitons in solid state all center on transport, energe- 
tic, or structural properties. The solitons may be excitations 
(thermal, quantum, critical fluctuations) or ground state struc- 
tures. In some cases they may be much less populous than linear 
modes and yet, for appropriate physical properties (e.g. scattering 
functions, transport) much more important. Earlier references 

will indicate the immense scope for the soliton paradigm, but the 
most direct and striking solid state, examples have probably occurred 
in low-dimensions. Examples include Josephson transmission 
lines, certain magnetic chain materials, mercury chain compounds, 
fast-ion conductors, structurally distortive compounds, etc. 

There are many other potential applications but the most intensive 
investigations currently emphasize electronjcally and magnetically 
active polymers and charge-transfer salts. Examples include 
spin- and charge~density-wave materials (KCP, TCNQ salts, 
(IMTSF),PF., NbSe,, NbSe., ...), piezo- and pyro-electric polymers 


> 
(PVF,),and conducting polymers (§4). 


It is natural to look also for applications in biology, 
prompted both by the frequently low-dimensional (polymer) settings 
and by basic chemical and structural similarites with low-dimen- 
sional solid state systems. For instance, the hydrogen bond plays 
a pervasive role in biophysics which leads us to expect similari- 
ties with structurally phase-transforming materials such as ferro- 
electrics (there are even some quasi-1-dimensional examples such 
as CsD PO, acetanilide, nylon-66, certain polydiacetylenes). 

Many of the questions posed in DNA are essentially ones of (linear 
and nonlinear) lattice dynamics (albeit in complicated lattice 
structures) which have been faced recently in a number of struc- 
turally transforming materials (see §3). JIonic and protonic 
transport mechanics as well as charge-transfer processes are 
increasingly discussed in biophysics literature but are extremely 
similar to processes in fast-ion conductors or charge-transfer 
compounds. Peptide (H++*N-C = 0) units occurring in ordered (e.g. 
a-helix proteins or synthetic polypeptides chains) or disordered 
(e.g. globular proteins) environments have been discussed 
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extensively in terms of self-trapping of lattice vibrational 
energy ("excitons") because of nonlinear exciton-phonon coupling. 
As we shall see this self-trapping produces “solitons" of great 
similarity to self-localized electrons ("polarons") in synthetic 
metals (§4), where electron-phonon coupling operates. We list 
further nonlinear similarites between synthetic-and bio-polymers 
in §5. 


3. NONLINEAR LATTICE DYNAMICS AND STRUCTURAL PHASE TRANSITIONS 


trogg nonlinearity is important in all types of phase transi- 
tions ’ -- from traditional first order (where "droplets" are 
relevant) and continuous (below) transitions to more recently 
considered commensurate-incommensurate (below), 2-dimensional 
melting and martensitic classes. We briefly discuss one class 
which should have biophysical relevance: 


Order-Disorder and Displacive Transitions. 


Observing structural transformations in ferro- ( and anti- 
ferro-) distortive (as well as ferroelectric) crystals has a long 
history, but the role of intrinsic nonlinearity has only recently 
begun to be confirmed experimentally or theoretically. Key 
experimental observations may be summarized as precursor effects 
(mixed or heterophase fluctuations; the occurence of clusters of 
the "wrong"' phase for T > T_, the critical temperature), central 
peaks, and soft modes. mphasizing order-parameter structures 
(such as short-range clusters) represents a complementary concern 
to that of "critical exponents" and can be a considerable conceptual 
tool when visualizing critical or sub-critical dynamics and con- 
structing theoretical frameworks. The temperature regime where 
nonlinear (cluster) effects are most pronounced is greatest in 
lower dimensions. 


The simplest model Hamiltonian we might consider has the 
familjar double-well on-site potential (Ginzburg-Landau expansion) 


form. In one dimension (1-d) we write this as: 
N 2 
_ 1_ avi 1,42 , lpy4 a y2 
atv = _ 32) + pau, + ZBU, +t CU 4, Ui) ’ (4) 


where m is particle mass and the order parameter U. might be, 

e.g., rotation, displacement (for example of a light mobile lattice 
relative to an immobile heavy ion or fictitious reference lattice). 
For simplicity we take A<o, B>o, C>o and all constant. We then 
have a crude model of a uniaxial unstable lattice system with 
harmonic ferrodistortive coupling and local double-well poentials 
at each lattice site (Fig. la). At high temperatures we can 

expect that the particles will oscillate above the double-well 
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Fig. 1 (Schematic). (a) Local o* potential in Hamiltonian (4). 
Stable modes are 1) low-T "phonons", 2) domain walls, 3) 
high -T phonons ; (b) soft mode-central peak character- 
istics for ® model; (c) softening of q = 0 phonon 
(incomplete in 1 ~- d). Hatched region may sustain 1) 
and 3). Type 2) responses appear for T < To» yielding a 
central peak. 


structure with approximately uniform probability distribution but 
at low temperatures they will preferentially occupy one of the 
degenerate wells. Notice that we do not include a mean-field 
"Ginzburg-Landau" temperature dependence in A of the form A = 
a(T-T ). We have in mind situations where T is a high mean field 


scale temperature and we operate at T << T .° The model will then 
have a true transition temperature T_ quite independent of T (in 
fact T = 0 in I-d). There is no difficulty including thermodynamic 


field dependences in the coefficients and this is sometimes essen- 
tial -- as in mean field dgscriptions of multiphase equilibria or 
discommensuration defects.’ Model (4) is of course highly 
oversimplified in several respects. It is, however, able to 
isolate dominantly nonlinear effects and considerable generaliza- 
tions are possible, particularly within molecular dynamics 
simulations. 
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If variations in U are small on the scale of a lattice spacing 
2 = xX. “Xs, then a continuum representation is valid: U.-UL 4, = 


2*(8U/ax)*. This situation will hold when the intersite coupling 
is strong, C >|A|, and we term it the “displacive" limit. Kink 
widths will be >>2 and the kink enerby E,, will be an “activation 
energy’ for k,T<E,,. The opposite regime, C << A, can be termed 
"order-disorder"; kinks will be sharp and particles distributed 
with a thermal randomization and activation energy |V | (Fig. la). 
As we approach this limit, the discrete lattice can severely 
modify the excitation dynamics. In the displacive regime we can 
introduce a continuum Hamiltonian density and the coupled Euler- 
Lagrange equations of motion for {U.} reduce to a partial differ- 
ential equation for U(x). From (4)*we find 

mU.. -m c*u - |AJU + BU = 0 (5) 

tt O XX ? 

where c* = 2C2/m is the harmonic,sound velocity for this system. 
We refer to (4) and (5) as the "6 ' Hamiltonian and nonlinear 
equation respectively. 


Traditionally, a sharp distinction has been drawn between 
order-disorder and displacive systems. However, it is now appre- 
ciated that these are merely extremes of a general class. Indeed 
sufficiently close to T_ there is a crossover to pniversal order- 
disorder behavior in all cases -- as is confirmed ’ ’ by analytic 
approaches and supported by molecular dynamics simulations as well 
as real experiments. 


Two characteristic temperatures have to be appreciated. The 
first is the true long-range ordering temperature -- T = 0 in 
strict 1l-d and small for anisotropic coupled chains. K second 
temperature, T_, is not a true critical temperature but marks an 
incipient first order "condensation" or "local ordering" -- for 
T>T particles have sufficient energy to oscillate above the 
on-site double well structure, whereas for T < T_ they prefer to 
oscillate in an individual displaced well; however for T>T_ <U> 
= 0 so "clusters" of particles oscillating in the same well are 
separated from neighboring clusters in the other well by "“domian 
walls" (our kinks in the 1-d problem). The temperature T_ can be 
characterized in variou equivalent ways. The self-consistent 
phonon approximation (SCPA) finds the optimal harmonic description 
for particle oscillations and at a temperature ~ T predicts a 
first order transition from in-well to above-well oscillations. 
(i.e. T) <> "soft mode temperature"). It is incapable of accounting 
for the kink solutions which are the reason for an incipient 
condensation only. Alternatively, one can study the single-particle 
probability distribution and identify T with the temperature 
below which a double hump distribution develops. More sensitive 
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many-particle distributions must be studied?! for isotropic 
higher-d. We find according to these criterion: k qT, ~ 
2/V_|(C/|A|)“. A very reasonable interpretation of T° is that it 

is the temperature at which the kink excitations become thermally 
unstable. To operate this criterion we need to include a "ther- 
mally renormalized" kink energy at high T. This can be accomplished 
approximately by comparing With static correlation function esti- 
mates, which suggest 


1 
~ ~ 2 
eT wr ET) 2 0-4 E,(0) ~ ZIV 1¢(C/IAT) (6) 
The "scaling" dependence on (A/c)? follows automatically from the 
displacive approximation (5). 


The SCPA has enjoyed popularity as a soft mode description 
for displacive systems. It can indeed be successful in a substan- 
tial range of (T, w, q) (temperature, frequency, wave-vector), 
space but fails in certain regimes, Thg SCPA replaces ~S/AlU_ + % 
BU. (equ. (4)) with &% (-|Al + 4B<U">) UT = 4A*(T-T )U*. Thus 
distinct sectors of excitations space (below) are omitted. Calcu- 
lations of the dynamic structure factor S(q,w) in 1-d can be 
inferpreted to show that (i) the SCPA is valid for all T if q > 


2 (jAl/C)° «d (the kink width 2d increases as C/A increases); 
(ii) it is valid for T > TY? the SCPA dispersion, 
2.2 2 2, 2 
wy =v + (2C/M) (l1-cos q2), with Wen ({A| /M) (3<U>/<U">-1) 


is only valid for w_ > w where w is smaller for more displacive 
systems (C/A increasing). Remark (iii) is the fact that there is 
only an incipient soft mode. In fact the strongly anharmonic 
regions where SCPA fails for 1-d are characterized by the dominance 
of kink excitations and the appearance of a central peak associated 
with them. 


In the displacive 1-d case in particular, a quite complete 
phenomenology can be constructed from a knowledge of the general 
traveling wave solutions to the continuum equation (3), i.e. 
available lattice dynamic modes. The general solutions appear, 
see e.g. Ref. 13, in the form of Jacobi elliptic functions. The 
linearly stable types are illustrated in Fig. (la). Physically, 
they represent (i) "low-T" or “in-well" phonons; (ii) "high-T" or 
“above-well" phonons ("phonon" here includes general anharmonic 
periodic solutions); (iii) domain-walls or kinks. These excita- 
tions give a better description of the transition region T ~ T 
than the enforced harmonic modes of the SCPA. Snapshot distribu- 
tions are not transparently "separable" for T > T_ but, response 
functions are much more so. As AUBRY has emphasized, the mean 
energy per unit length € _, for the three excitations as a function 
of w and q, is an important quantity. See Fig. 1 of Ref. 13. 
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Note the softening of w(q=0) for low- and high-T phonons as ¢ >]V | 
(Fig. la). It remains to relate temperature to € . In a non-inte- 
grable anharmonic system equipartition of energy Between modes has 
to be an approximate procedure. However it is known that for q 2 
q_ (above) the available motions are essentially harmonic at all 

T, so that one can conjecture that the energy per particle to be 
associated with large amplitude anharmonic motions, ET), is 


1 


E (T) ~ k,Tl1 - q, yb d (A/C) *k T 
a ~ B Ihe q q B 


Oo 


This procedure works remarkably well in explaining the location of 
strong response characteristics at all T: a mode will be thermally 
active (with signature in S(q,w)) if € (w,q) < E (T). Also note 
that E(t) ~ 1V_|, which from Fig. 1 of Ref. 13 te expect to be 
associated with the soft mode-central peak onset, implies T ~T ~ 
E,(T_) as suggested in (6). To include broadening of resonances 

in S{q,w) we need in general to improve this independent excitation 
gas phenomenology by including interactions. 


Dynamics correlation functions (and the Fourier transform 
S(q,w)) cannot be calculated analytically in the strongly anhar- 
monic region, however the combination of phenomenology (above) and 
molecular dynamics leads unambiguously to the picture shown 
schematically in Fig. 1. At low T most motions are low amplitude, 
and response characteristics of an extended periodic mode ("low-T 
phonon") appear. This softens as T > T_ and is replaced at higher 
T with the "high-T phonon" response. The kink excitations give 
rise to the very different central peak response. This appears as 
T is lowered as a broad, low intensity resonance around the incip- 
ient soft mode temperature T_ and becomes sharper and more intense 
as T is further lowered, diverging at T = 0 (the 1-d critical 
temperature). The central peak appears strongly at q = 0 and 
disappears for q 2q_. It is solely due to the kink excitations 
in the simpler models, and should be thought of as a dynamic and 
imcomplete (i.e. having width in w and q space) Bragg peak. The 
central peak width is partly determined by the inverse average 
kink separation and effective kink velocity: for T ~ T there are 
numerous stable, mobile kinks but none at T = 0. 


In isotropic 2- or 3-d, |T _-T_| is substantially smaller than 
in 1l-d and therefore it has been difficult to observe cluster 
properties experimentally: an excellent history is given by 
MULLER. success has come recently using HER measurements which 
discriminate between the fast phonon (~10 sec) and slow cluster 
(~10 sec) timescales. Real anisotropic materials such as polymers 
offer special advantages of a substantial T_ and large |T -T |. 

It is important to emphasize that clusters dre most importan 
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physically because of their impact on dynamics and timescales (as 
with "critical slowing down"). Central peaks, clusters, and slow 
time-scales can have other origins, for example static or dynamic 
impurities which may trap intrinsic clusters or induce similar 
distortions ~- clearly these intrinsic and extrinsic mechanisms 

are not mutually exclusive but part of a single unified picture. 


There are now many fine examples of structurally transforming, 
materials including hydrogen-bonded ferroelectrics (e.g. KH,PO,). 
Quasi-one-dimensional examples include KCP, TTF-TCNQ, TaS., NbSe,, 

3 3 
CsH,PO, (see refs. 10). 

In biological contexts one can anticipate numerous examples 
of ferroelectric, distortive and melting, phase transitions -- some 
examples have been discussed elsewhere. One of the most topical 
discussions centers pn transitions between structures in DNA, e.g. 
the A and B phases. It is not our intention to describe the 
existing literature. This is already reviewed elsewhere in these 
proceedings. However, we do emphasize that the lessons learned in 
the conventional solid state contexts will surely be paralleled in 
biopolymers, especially because of their effective low-dimension- 
ality. We must of course recognize that the "crystals" involved 
are extremely complex, and information (theoretically or experimen- 
tally) on lattice structure, lattice dynamics, mode softening, 
etc., is still at a relatively primitive stage. Nevertheless, 
we can expect that a proper appreciation of the complementary 
roles of intrinsic local, large-amplitude conformational distor- 
tions and quasi-~harmonic extended modes and extrinsic defects will 
be achieved much more rapidly if the history of soft modes and 
central peaks is appreciated in the biophysics community. 


Finally, we briefly mention one other general class of phase 
transitions in solid state contexts where strong nonlinearity has 
been extgemely important, namely commensurate~incommensurate tran- 
Sitions. These occur in many situations where there are competing 
interactions and periodicities and the ground state can be intrin- 
sically inhomogeneous. Specifically, the system may homogeneously 
accommodate one interaction ("be commensurate") for some extended 
regions of space but bridge these regions with incommensurate 
defects ("'discommensurations"), often described by solitons of the 
SG variety, eqn. (1). The density of these defects tends to zero 
as a transition is approached from the incommensurate side by 
varying temperature, pressure, etc. This situation had achieved 
little attention in solid state physics until the last few years, 
but is in fact very common -- the competing interactions might be 
an underlying lattice spacing, spin- or charge- or mass-density- 
wave period, etc., and the discommensurations might appear in the 
mass density, spin density, charge density, helical spin period, 
etc. Theoretical and experimental tools have sharpened rapidly 
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and there are now many excellent observations of commensurate-in- 
commensyrate transitions and even of the discommensurations them- 
selves. Pinning of the discommensurations by the discreteness of 
the lattice or by extrinsic defects can even lead to random 
("chaotic") ordering of the discommensurations and to many nearly 
equivalent metastable states. Metastability and hysteresis are 
typical of this class of phenomena. It is very easy to imagine 
competitions between interactions in biophysical contexts which 
should fall into this general class and lead to intrinsic structural 
inhomogeneities. Indeed primitive arguments along these lines 
have already been put forward. 


4. SOLITONS IN POLYACETYLENE AND RELATED MATERIALS 


Many organic and organo~metallic polymeric materials represent 
fine settings for the soliton paradigm with structural, energetic 
and transport consequences. A particular example, which has re- 
ceived intensive theoretical and experimental attention is poly- 
acetylene, (CH) , synthesized for example aga film which can be 

x ; oe 
doped to near-metallic conductivity levels. 


We emphasize that the research effort devoted to (CH) is 
driven primarily by its fascinating technological potential. 
Nevertheless it is also fair to claim that soliton concepts have 
modified the conceptual basis within which experiments and theories 
are designed in the strongly interdisciplinary field of "conducting 
polymers", which includes (CH) . In this brief report, we wish to 
develop the theoretical status of (CH) modeling, because it 
illustrates many general features of soliton research such as the 
equivalences which solitons reveal between disparate physical 
contexts: here we will make use of connections with model field 
theories which are found to have the same kink- and polaron- 
soliton states as predicted in (CH) . Likewise the exact solubil- 
ity of these field theories (using Soliton techniques) leads 
naturally to explicit statements about the structure and excitations 
of a wide range of other polymer models. Soluble models are of 
course useful here, as elsewhere, because they can bring physical 
clarity to complex features which are essentially preserved (e.g. 
because of symmetry) when exact solubility is not possible. 


Descriptions of (C from a chemical or physical perspective 
can be found elsewhere. Briefly, the major synthesis effort is 
now devoted to controlled synthesis-morphology-property relation 
studies, both of (CH) and many other members of the growing 
family of conducting polymers. It is unlikely that (CH) will 
Survive as the example of prime technological interest, But its 
extreme simplicity for modeling purposes has meant that it has 
played a primary stimulant role for exciting experiments and 
theories. Even for (CH) _, new syntheses have emerged ranging from 
almost totally amorphous to near single crystal forms. 
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Fig. 2. 


Fig. 3. 
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Schematic bond structures for (a) trans-(CH) and (b) 
cis-(CH)_. Also included are schematic plots of energy 
per unit length vs. band gap parameter A for uniform A. 
Note the degeneracy in (a) corresponding to the two 
equivalent ground state conformations. In (b) the lack 
of degeneracy, SE/2, has important consequences (§3). 
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Intrinsic defect states in trans-(CH) and associated 
electronic levels for (a) a kink, (b)”a polaron. Dashed 
lines indicate localized state probability densities. Q 
and S denote charge and spin, respectively, and the 
length scale €. = V,/A,. Analytic formulae for the 
profiles and continuum state phase shifts are given in 
ref. 17. From the latter we find that a kink removes 1 
State from both the conduction and valence bands, whereas 
the polaron removes 2. This immediately explains the 
Q-S relations. 
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. ; 17,18 
For our present purposes, we wish merely to consider ” an 


idealized (CH) single chain and introduce some primitive chemical 
language for the two isomers of (CH)_, which we term cis and trans 
for simplicity. The situation is summarized in Fig. 2. A uniform 
chain of (CH) monomers would have one unpaired nm-electron per 
monomer (oO orbital bands lie far from the Fermi level and are not 
important here) and the polymer should be a conductor. The uniform 
chain is however unstable toward dimerization into the trans-(most 
stable) or cis-isomeric forms in which all electrons are saturated 
giving an insulator. Precisely this situation is described in 
solid state as a Peierls-Frohlich distortion, which for a half- 
filled m-band is a dimerization. 


A crucial difference between trans- and cis- (CH) is the pre- 
sence of ground state degeneracy in the former, as depicted in 
Fig. 2a. This will lead to the possibility of "free" kink-§gligon 
states in trans-(CH) about which much has been written aoe? 

In contrast only bound kink-antikink (polaron)-solitons are 
possible if there is no such degeneracy. The idea of conformational 
defects should be clear as distortions of bond lengths between 
possible ground state conformations -- either the same ground 
state or different ones (as for trans-(CH) . Imagine rupturing a 
double bond and separating the unpaired spins, leaving free radi- 
cals or, upon charging, carbanions or carbonium ions. Indeed the 
concept of S-% conjugation defects in polymers is not at all new. 
The main addition from the soliton viewpoint is that the conforma- 
tional defects are typically extended over many C-C lengths. This 
has important consequences for energetics and dynamics. The 
conformational defects are of course accompanied by defects in the 
electronic density as indicated below. 


SU, SCHRIEFFER and HEEGER (ssn 18 introduced a simple tight- 
binding Hamiltonian for a pure, isolated trans-(CH) chain: 


+ 
H=- 2 ft tou, Ug TTC, Cay g thc: ] (7) 
n,s 
1 2,1 °2 
* 2 K > (U, Ut? t 2 M > Uh 


Here c* creates an (m) electron of spin s at site n, U_ is the 
displacement of the (CH) unit at the nth site from its undistorted 
position, and M is the mass of a (CH) unit. Although very primitive 
this model has some very interesting properties because of the 
coupling (a) between the electronic and phonon degrees of freedom. 
There are of course additional effects neglected in (7) which can 

be quite important, e.g. interchain coupling or electron, correla~ 
tions. These are now the subjects of intensive studies but we 
will not consider them here. 
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For a half-filled m-conduction band, SSH demonstrated in the 
adiabatic limit that (7) is spontaneously unstable towards one of 
two degenerate ground states, corresponding to the Peierls-dimer- 
ized A and B configurations in Fig. 2a -- distinctions need to be 
made between even and odd length chains and between sizes 4N and 
4N+2 (N integer). In addition, they concluded numerically that 
excitations or, for electron concentrations close to half-filling, 
intrinsic defect states in the dimerized pattern appear as kink- 
or polaron-like conformational distortions, with important spin- 
charge relations and consequencies for doping or photo-generation 
of carriers. The ground state and excitation structure follow 
naturally in a continuum theory of (7) which is extremely accurate 
in the case of (CH). 


The continuum limit of (7) has been given by several authors 
and in a mean-field adiabatic approximation results in the follow- 
ing equations for the static l-particle electron wave-fns. 


us. vp Sy Uag(Y) + AG, @) 
Eas (Y) = tip gy Mag (¥) + AGU) (8) 


and the self-consistent gap equation 


te 
ra 


, 2 te 
_ -_ ' ray 
A(y) = “9 - [v (vu, tu (yy y)] . (9) 
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Here y is the continuous variable, we /2 2K / har, vi=22t (2 is the 
undistorted lattice constant) e=4a (29M) , U and v are the two com- 
ponents of the electron spinor field linearized around the Fermi 
surface, and A(y) is proportional to the staggered lattice displace- 
ment U =(-1)"U_ :ACy)=40(y). The prime in (9) indicates summation 
over occupied states. 


The problem posed by (8) and (9) is closely connected with 
"soliton" problems_in many other areas, e.g. superconductivity and 
nonlinear optics. Alternatively, a simple transformation casts 
(8) into the form of single particle Dirac equations for massless 
fermions in a potential A(y), and this problem can be shown ° to 
be equivalent to one example of a soluble field theory of inter- 
acting massless fermions. Soliton-like properties permit the 
construction of analytic, closed-form expressions for all static 
configurations -- the dimerized ground state, a kink (K) or a 
polaron (kink-antikink, KK, bound state). These are illustrated 
in Fig. 3. The kink and polaron should be viewed as localized 
conformational defects with associated localized electronic levels. 
Note the unusual spin-charge relations for K or K, Fig. 3. 
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There a number of generalizations of the soluble model outlined 
above. One, jmportant family of soluble models was introduced by 
BRAZOVSKII. The ordered A=B alloy and the SSH model with broken 
ground state degeneracy (as in cis-(CH)_) represent two popular 
members of the family. The 50:50 alloy is intriguing because of 
the Pg sibility of a mechanism for fractionally charged kink-soli- 
tons. Here Hamiltonian (7) is modified by an alternating atomic 
orbital on-site energy. Materials such as (poly)carbonitrile are 
candidates for this model. 


The SSH model with groundstate symmetry-breaking (c.f. Fig. 
2b) is of extremely general importance: other Peierls-distorted 
systems with multiple ground states are certainly possible but 
they are far outnumbered by materials with a unique ground state 
plus one or more metastable conformations. Some of these have 
potential as practical conducting polymers (e.g. polypyrroles, 
poly(para) phenylenes, polydiacetylenes, polythiophenes). The 
central point is clear and independent of specific modeling. 
Namely, the energy difference between the unique ground state and 
any metastable conformations will provide a linear "confinement" 
potential - imagine trying to create kink and anti-kink and to 
separate them. This means that kinks cannot be "free" (on the 
pure chain) and must bind in pairs, i.e. as polarons. The bi-po- 
larons (i.e. two self-trapped charges) will be wider than polarons 


but not unstable as in trans -(CH) . This general idea has now 
been appreciated in modeling of the more complicated polymers 
above. Note that bipolarons can have the same signatures as 


charged kinks, i.e. charged but spin-O. An explicitly soluble 
model (using, the same soliton techniques as earlier) can be con- 
structed ’ which demonstrates all the confinement features. 
Introducing A(y)=A(y)tA_, where A_ is a constant symmetry-breaking 

é e e . . 
term, results in analytic polaron solutions which have precisely 
the same functional form as for the trans model (7) but with loca- 
tion of the gap states (c.f. Fig. 3) at,tw with w fA =cos6 and 
ytan@=(7/4)(n -n +98, with y=A fra _, n> the occupations of the 

- e _.0 . 

gap states, and A HT EW /28 (a dimensionless coupling constant). 


The Hamiltonian (7) describes a situation of inter-molecular 
electron-phonon coupling. In many organic and organo-metallic 
materials, intra-molecular modes are much more numerous and can be 
at least as important. In fact inter- and intra-molecular mode 
couplings may well be in competition and this has lead to sugges- 
tions of interesting phase diagrams where they are operative 
together -- both in terms of the allowed ground states and excita- 
tions. The simplest model of electrons coupled to intra-molecular 
phonons is perhaps the "molecular crystal model", familiar,in 


solid state for many years, which in 1-d takes the forme 
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_l *2 1, 2 2 
H = 2" 2 Yn * gM, 2 Yn 
n n 
+ + 
- + 
J 2 (2, s@ntl,s 4n+1,sn,s? (10) 
n,s 
-A 2 Y an 
n,S n,s n,s 
n,s 


In (10), y. is a normal coordinate usually referring to some 
internal vibration of a molecular unit at the n-th Site, with an 
associated mass M and natural frequency w.. a (a _) creates 
(annihilates) an electron with spin s at Phe n-th site, The four 
terms in (10) represent, respectively, the lattice kinetic energy, 
the vibrational energy of the molecular lattice, the electronic 
kinetic energy associated with moving an electron between (nearest 
neighbor) sites, and the coupling of the electron and lattice 
(phonon) motions. 


It will be clear how the terms inter- and intra- arise from a 
comparison of (7),and (10). We have contrasted these models in 
detail elsewhere. Here wg ,note only that (i) the molecular 
crystal model was developed” explicitly as a generic model for 
"self-localized (or trapped)" electrons, i.e. polarons, and (ii) 
despite the explicit differences between (7) and (10), the polarons 
which they can support are quite similar. In fact, in the weakly- 
bound polaron limit (i.e. low-amplitude, spatially extended), the 
two polarons become indentical and are described (in a continuum 
theory, by the NLS equation (3). Even more interestingly we note 
that the same tight-binding model (10) can be, and has been, 
applied to the self-localization not only of electrons but also 
magnons and vibrational quanta (sometimes called "excitons"). In 
this case a_ creates a magnetic or vibrational quanta and the 
constant A refers to the strength of magnon-phonon or exciton-phonon 
coupling. Note that there is a difference of statistics between 
electrons (fermions) and magnons or excitons (bosons). 


We stress this last point because precisely the same model 
Hamiltonian has recently been proposed in a biological context 
without recognizing the very relevant solid state polaron litera- 
ture -- and therefore the possibility of short-circuiting analysis, 
the recognition of pitfalls, and the choice of appropriate experi- 
ments. We refer to the subject of self-localized excitations 
("solitons" of the NLS variety) due to exciton-phonon interactions 
in polypeptide chains, i.e. H*+:N - C = 0 coupled units. The 
coupling of the longitudinal phgpons to pep ide vibrations has 
been suggested both in an inter” and intra” form. The biological 
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contexts may also have lessons for the synthetic ones. For examp 
polypeptide chains occur as 3 coupled strands in a-helix proteins 
(myosins, e-coli, mitochondria, etc.) and the biological discussions 
have also focussed attentig on synthetic polymers with 2-coupled 
strands (e.g. acetanilide) and nearly isolated strands (e.g. in 
nylon-66 and certain polydiacetylene side groups). The coupling 
between chains has revealed a variety of chain-sharing localized 
exciations. The question of interchain coupling is only now 
receiving corresponding attention in materials such as conducting 
polymers (above). Again the combined presence of inter- and 
intra-molecular phonon coupling has so far been discussed for 
static excitations in the solid state literature, whereas the 
more interesting question of dynamics has been motivated by th 
biological concerns -- leading, for example, to the suggestion 

of intra-molecular coupling acting as a transient (picosecond 
scale) self-trapping mechanism nucleating activity in the inter- 
molecular modes on a longer time scale. This should have wider 
applications. On the other hand, the effect of disorder (of the 
lattice locations and/or site energies in (10)) has already been 
considered in solid state situations with electron- (or magnon- or 
exciton-) phonon coupling -- e.g. in amorphous semiconductors. 
From these studies it is already clear that disorder alone can 
lead to self-localization of the elementary excitations as well as 
to extended states. (This is the famous theory of "Anderson 
localization", } 28 Since the coupling to phonons can also lead to 
self-trapping ~’ (less readily in d > 1 than d = 1), these 
effects tend to reinforce each other, and there has been a pro- 
tracteg,chicken-and-egg" discussion about their relative impor- 
tance. This history will necessarily be repeated in the descrip- 
tions of coexisting localized and extended stationary states in 
globular (disordered) proteins, such as the lysozyme discussed by 
LOMDAHL. The functional roles for self-trapped excitations in 
biology remain to be clarjfigd but they lend themselves to 
fascinating speculations. ~’ 


It should be clear that some of the most intriguing functional 
consequences (e.g. energy or charge transduction) for localized 
("soliton") objects concern their influence on transport. This is 
true just as much for conducting synthetic polymers as for biopoly- 
mers. However, the story is very far from complete in either 
case. We reemphasize that simple diffusive soliton transport will 
probably have limited relevance in either case. In general we can 
expect (thermal or quantum) tunneling to play a major role -- 
either of the total soliton entity or of the self-Srappeg,excita- 
tion -- leading to "hopping" transpert mechanisms.’ ” In 
addition, recent numerical studies of semi-classical soliton 
dynamics have revealed unexpected subtleties, even for so simple a 
model as the SSH, eqn. (7). For example, the solitons have a 
maximum velocity which is unrelated to the sound speed. Again, 


SOLITONS IN SYNTHETIC AND BIOLOGICAL POLYMERS | 173 


"breather"solitons (strongly anharmonic phonons), analagous to the 
dynamic solitons of the NLS equation (3), are readily excited 
(e.g. by laser stimulation). Soliton dynamics and transport in 
polymers leave, much to be revealed! 


5. SUMMARY 


There has been little space in this article to mention the 
many connections between solid state (e.g. synthetic polymer) and 
biophysics, with strong nonlinearity playing the unifying role. 
Striking parallels occur at all important levels: analytical (as 
in the case of self-trapping mechanisms, §4); numerical techniques; 
experimental implications, applications, and techniques. (At 
once, conventional solid state probes are at last being devoted to 
biopolymers but their complexity is demanding new extremes and 
techniques -- in a real sense, biopolymers are a new frontier of 
materials science). 


As important as the above connections is the commonality of 
phenomena. These include: hydrogen-bonding (compare peptide 
chains or DNA or cellulose with hydrogen-bonded ferroelectrics); 
structural (and ferro-electric) phase transitions (3§); competing 
interactions (leading, for example, to commensurate-incommensurate 
phase transitions and intrinsic structural "chaos", §3); thermal 
or quantum nucleation (which may be relevant to premelting or 
intercalation centers in DNA (see SOBELL and ref. 15); self-local- 
ization phenomena (§4); transport mechanisms (diffusion or hopping 
of self-localized states, proton transport (e.g. through biomem- 
branes), ionic diffusion or hopping, charge-transfer, etc., compared 
with polaron transport in molecular crystals and conducting polymers 
or transport in fast-ion conductors); piezoelectricity (familiar 
in synthetic polymers such as poly(vinylidene) fluoride and sug- 
gested in materials such as DNA); macromolecular architecture 
(e.g. in lipid bilayers) and its synthetic parallel in solid state 
polymerizations such as in single crystal polydiacetylenes. 


15 


There is no space here to give due attention to all these 
topics. However we can conclude by reiterating two dominant 
themes: (i) solitons are important in condensed matter, especially 
in reduced dimensionality, for structure, energetics and transport; 
and (ii) an interdisciplinary approach to strong nonlinearity has 
had profound success in many other areas of the natural sciences. 
It will surely yield similar benefits in biophysics, perhaps with 
even more significant consequences. 
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ABSTRACT 


Broadband absorption measurements at millimeter-wave frequen- 
cies (40 GHz-170 GHz) are reported for several biological materials 
(lyophylized haemoglobin, lysozyme, silk keratin, poly-L-alanine). 
The measurements were extended over the temperature range from 
4,2 K to 300 K using the novel oversized-cavity-technique (OCT). 
The millimeter-wave absorption of the dried materials was found 
to increase nearly exponentially with temperature and approxima- 
tely as vi' > with frequency. This frequency and temperature de- 
pendence 1s quantitatively described as being due to three distinct 
relaxation processes on a picosecond time scale occuring in asym- 
metric double well potentials. These processes are most probably 
assigned to the NH...OC hydrogen bonds of the peptide backbone. For 
lysozyme the influence of hydration was investigated. The contri- 
bution of adsorbed water can be distinguished from the intrinsic 
proccesses by its different frequency dependence. 


INTRODUCTION 


Dynamic processes (e.g. relaxations, librations, vibrations) 
in biological macromolecules involving collective motions of in- 
dividual side chains or more extended parts of the molecule play 
an important role in their biological functioning and, for enzymes, 
in the enzyme-substrate interaction.!~*% In contrast to X-ray in- 
vestigations which detect displacements averaged in time, dielec- 
tric measurements can give direct information about the typical 
times being involved in dynamic processes. At mm-wave frequencies 
(3x10! °-3x10!? Hz), which correspond in time to picosecond proces- 
ses, relaxations and vibrations in biological macromolecules are 
predicted.*? 
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EXPERIMENTAL 


Various experimental reasons are responsible for the lack of 
information especially in the mm-region. There is firstly the low 
absorption of biomolecules in contrast to the high absorption of 
liquid water which prevents at present the possibility of obtaining 
useful results from aqueous solutions. Secondly there is the diffi- 
culty of handling solid samples in the small-sized single mode wave- 
guide or resonator-systems which are conventionally used in the mm- 
region. Furthermore, temperature variation over a wide range causes 
problems due to the different thermal expansion coefficients of the 
samples and the wave-guide material. Finally quasi-optical systems 
using mirrors, lenses and horn antennae suffer from disturbing stan- 
ding waves and frequency-dependent diffraction effects when cohe- 
rent microwave sources are used. We have, therefore, employed the 
rather novel technique of the untuned, oversized high-Q cavity® 7? 
for conducting the mm-wave spectroscopy. This method measures only 
the absorption of a sample inserted into a cryostat inside the cavi- 
ty, but 1s essentially not disturbed by scattering and diffraction. 
The fact that the untuned cavity 1S a broadband device enablesus to 
carry out measurements in the frequency region from 40 to 150 GHz. 

A specially designed fused-silica cryostat allowed the temperature 
range from 4 K to 300 K to be covered. Further measurements at 10 
GHz were made with the usual cavity perturbation technique. 

In order to determine the absorption coefficient & of the ma- 
terial the oversized cavity technique requires an assumed value 
for n, the real’ part of the complex index of refraction. For all 
samples under investigation a value of n = 1.6 was used. It could 
be shown that a variation of n within limits of 0.2 will change 
the calculated Q-value by less than 2% only. 


RESULTS 


Dried Materials: The respective absorption coefficients & of 
the dried materials (haemoglobin, lysozyme, silk keratin, poly-L- 
alanine) were found to exhibit similar temperature dependences 
(Fig.1 and 2), namely a nearly exponential increase with tempera- 
ture from 50 K to 300 K. Below 50 K, & drops quickly and seems to 
level off at about 10 K. In the range of the exponential increase 
with temperature, % is about linear in frequency, while at low fre- 
quencies 4 is proportional to Vv“. We did not observe any sharp 
features in the spectrum which could be discussed in terms of vi- 
brational modes. 


Hydrated lysozyme: The influence of hydration at a fixed fre- 
quency of 50 GHz is shown in Fig.5. At temperatures below 120 K the 
absorption is only slightly affected by bound water, while at higher 
temperatures a strong increase 1s observed that is proportional to 
the water content. The difference in the dielectric function between 
the dried and the hydrated samples turned out to be nearly frequency 
independent. 
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Fig. 1: Absorption coefficient vs. temperature of dried haemoglobin 
for the frequencies of 10 Ghz, 50 GHz, 85 GHz and 148 GHz. 
The dots are the experimental values. The solid lines are 
fitted curves according to eq. 7. The measurement at 10 
GHZ was carried out using the cavity-perturbation-technique. 
The measurements at mm-wave-frequencies were made using the 
oversized cavity-technique. 
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Fig. 2: Absorption coefficient vs , temperature for dried lysozyme (water 


content < 0.5 g(Ho0)/g(protein). ltnset: Asymmetric double well 
potential as used for the relaxation model. Otherwise as Fig. l. 
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Fig.3: Absorption coefficient vs. temperature for hydrated lysozyme 
(18% g(H20)/g (protein). The contribution of bound water, 
mainly occuring above 150 K is nearly frequency independent 
as found by comparison with the dried sample.!! Otherwise as 
Fig.1. 


DISCUSSION 


In subsequent discussion we show that a minimal set of three 
relaxation processes, occuring in asymmetric double well potentials, 
fits the data. The observed frequency and temperature dependence of 
the absorption coefficient cannot be explained by mechanisms such as 
vibrational excitations from a thermally excited ground state, two- 
level resonant absorption as observed in amorphous materials, multi- 
phonon absorption or a Debye relaxation process of the type: 


e(v,t) =, + (e, - &,)(1 - dw ly! (1) 

Here € 18 the high-frequency dielectric constant (DC) and ¢ 
the DC below the frequency regime of the relaxation process in 
question. V_ is the relaxation frequency which is usually assumed to 
have the following temperature-dependence of solids:'?7!" 
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v.75 V., exp(-U/kT). (2) 
U is a potential barrier which has to be overcome thermally 

by the system in order to change from one stable configuration to 

another of the same energy implying, therefore, a symmetrical 

double-well potential model. The term (¢€ € so) in eq.(1) is ap- 

proximately given by the Kirkwood-Franiigh | relation: b1-1s 


1 —1 


€.- €, = kn(kT) (Ce, + 2)/3)ouue = or! (3) 


0 e(€, + 2€.) 


Where €_ is the static DC, N the spatial density of the double- 
well systems and uU the absolute value of the vectorial difference 
between the dipole moments in the two wells. The absorption coeffi- 
cient follows from eq.(1): 


= 2amve, (ne ) 'a(e, - €.) (ne) lamtv_(F + v.) ; (4) 
In this equation n is the refractive indéx, c the speed of light 
and €2 the imaginary part of @. Eq.(4) with eq.(3) can be discussed 
for two limiting cases: a) ye << v a in this case one finds a to be 
proportional to v2y_~ig yielding ‘with eq.(2) a strong decrease sof the 
absorption coefficient with T and an increase with v; b) vt >> ye, 
in this case 1s found to be protortional to v_T “! and hence no 
longer frequency dependent. Evidently, both cases are in contradiction 
with the experimental findings but assuming the relaxation processes 
occur in asymmetric double well potentials (s.inset Fig.2) one finds 
instead of eq.(3): 
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e. - €,= OP | exp(-V/kT)(1 + exp(-v/KT)) (5) 
and instead of eq. (2) 
v= (v/2) exp(-U/kT)(1 + exp(-V/kT). (6) 


Inserting eq.(5) and (6) into eq.(4), one can get the desired 
increase of © with T even in the case v° < vo , retaining thus the 
frequency—dependence if V > U. It turns out, however, that a single 
process of this kind is still not able to describe the observed 
a(Vv,T) over the hole range of variables in question. In such cases a 
continuous distribution of relaxation frequencies or potentials V and 
U is often considered. In order to avoid the arbitrariness of fitting 
functions we used instead a minimal set of three relaxation terms 
which were able to fit the data. 


The observed leveling off of the a(T) curves at low T together 
with the observed v *_dependence can be explained by a temperature- 
independent wing of a strong and broad vibrational band found for pro- 
teins as well as for poly-L-alanine in the FIR between 120 and 150 
em’. *° With this, our dielectric function for fitting the data of 
haemoglobin can be written: 
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85) 5 3 oF ie 1 
e(v,T) = fy + \ye -yeHiy * T -V./kT 1-1v/v_. (7) 
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Fig. 4 The temperature dependence of the imaginary part €2 of 
haemoglobin at 85 GHz. Curves 1-3 correspond to the relaxation 
processes 1-3 respectively. The total dielectric function is 
composed of the three relaxation processes plus a vibrational 
term which causes the leveling off at low temperatures. '° 


As an example of the final fitting for haemoglobin the three 
relaxation processes which, when summed, form the resultant ¢€,(T) 
curve are shown in Fig.4. In Tab.1 the fitting parameters are 
compiled. The full lines in Fig.1 demonstrate how well the experi- 
mental a(T,v) data is represented. 
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Table 1: Parameters for fitting the imm-wave data of haemoglobin 
It is assumed that N = 6x10 cm®. 


Vv U V Ne u 

Relaxation (GHz) (keal/Mol) (keal/Mol) (cgs) (Debye ) 

1 370 0.04 0.25 2.8.10 10 0.21+0.01 

2 350 0.20 0.91 2.1.10_4j, 0.59+0.006 

3 300 0.40 3.2 8.1.10 3.7 +0.4 

~ = 
FIR-vibration: €, = 1.77, Yo = hhO0O GHz = 147 cm 
S = 0.385 Y_ = 3879 GHz 


Differential-phonon-processes could also cause the observed 
frequency and temperature dependence to a certain extent. They 
are characterized by a frequency dependence which is at least 
quadratic. This is in contrast to the experimental finding of a 
frequency dependence proportional to about v'"", but it is possib- 
le that this mechanism contributes slightly to the observed ab- 
sorption. 


The influence of hydration at a fixed frequency of 50 GHz is 
shown in Fig.5. At temperatures below 120 K, the absorption is 
only slightly affected by bound water, while at higher temperatu- 
res a strong increase is observed. The frequency dependence of this 
absorption process is obtained from Fig.3 showing the absorption 
coefficient of hydrated lysozyme (18% H20) for three frequencies. 
It turns out, that the difference in the dielectric function between 
the dried sample and the hydrated one is nearly frequency independent. 
For a relaxation process the absorption coefficient, as given by 


ye 2 - AE wet (8 ) 
ne ne 14W°To 


1s frequency independent in the case where 
22 

WweT >> 1 or Vv >> 1/2TT. (9) 
Within the accuracy of the measurement, the relaxation rate 

1/2mT cannot exceed 10 GHz at room temperature, corresponding to 

a relaxation time T < 1.6x10~'s and hence no dispersion at mm- 

wave frequencies. This allows one to distinguish the absorption of 

bound water clearly from the fast intrinsic processes of the anhy- 

drous protein and to describe it by a further relaxation process, 

which is proportional in strength to the water content, occuring 

in a symmetric double well potential with a potential barrier of 

2.2 kcal/mol (1100 K). 
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Fig.5 Absorption coefficient vs. temperature of lysozyme at 50 GHz 
for three hydration levels.!! The dielectric function of the 
dried material 1s composed of three relaxation processes 
(solid lines 1-3). The contribution of bound water is re- 
presented by a further relaxation, which is shown for 18% 
hydration as the dashed line }. 


To yleld the observed polarization for the third relaxation 
process, the dipole moment of a bound water molecule in the dried 
sample (water content > 0.5% w/w) would have to be 5x10°7%Cm (15 
Debye), which is a totally unrealistic value.!® So we can con- 
clude, that the intrinsic relaxations 1-3 cannot be due to bound 
water. A relaxation of polar side groups, as the dominant mecha- 
nisms in this frequency range, can be excluded too, because po- 
ly-L-alanin, which contains no polar side groups, exhibits a qui- 
te similar frequency and temperature dependence of the absorption 
coefficient at the same order of magnitude.?> 


MM-WAVE SPECTROSCOPY OF PROTEIN RELAXATIONS 185 


What is the microscopic nature of the assumed relaxation pro- 
cesses 1-3? (See table 1 and Fig.4 for haemoglobin; Fig.5 for lyso- 
zyme). Comparing the values of V., the high temperature relaxation 
frequency (see eq.6), one finds them rather similar. The resulting 
relaxation times are in the order of picoseconds. This indicates 
relaxations of small molecular subunits. The depth H = U+V of the 
potential well for the third relaxation process is 3.6 keal/mol 
(1800 K), a value which is slightly below the binding energies of 
hydrogen bonds. Therefore, relaxation process 3 1s considered to be 
a short-term disruption of H-bonds. From the known molecylar weight 
of haemoglobin and its density the number of amino-acid residues 
per molecule (each of which has one NH...OC bridge) was found to be 
N = 6x10"? em~%. From that the dipole moment change u involved in 
the relaxation process can be calculated as u = 3.7 Debye. It is 
interesting to note that the NH...OC bridge itself has a static di- 
pole moment of 3.7 Debye. The fact that the disrupted hydrogen bond 
has a certain dipole moment as well might point towards some co- 
operativity between neighbouring bridges. 


The discussion of the nature of the relaxations 1 and 2 
must be more speculative. An indication that they might occur also 
on the NH...OC bridges is given by the fact that these bridges do 
not form a straight line. The oxygen atom with its local charge of 
about 0.38 e forms a dipole moment of the order of 1 Debye to the 
line connecting N and C. One could, therefore, consider the relaxa- 
tions 1 and 2 as being caused by asymmetric double-well potentials 
lying perpendicular to the H-bridge. It is worth noting that the 
observed relaxation effects, found here in solid and dry samples, 
are expected to exist also for the materials in aqueous solution 
as long as the submolecular units (H-bridges) in question are in 
the hydrophobic interior of the biopolymer and are thus not ex- 
posed to the outer water. For lysozyme and poly-L-alanine similar 
values for the relaxation frequency, the potentials and the chan- 
ges of the dipole moment are found. This similarity is a strong 
indication that the observed processes are located within the pep- 
tide backbone. The observed short relaxation times, if relaxation 
is the dominant absorption-mechanism, make the assignment to a 
process involving the proton within the NH...OC group highly prob- 
able. 
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NONLINEAR MECHANISMS IN MOLECULAR ENERGY TRANSFER 


T.W. Barrett 
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The anharmonic oscillator theory is applied to the nonuniformly 
doped, electrically conducting, trans-polyacetylene (CH). chain, as 
well as the long Josephson junction with varying bias current. The 
variations in bias current determine the number of fluxons on the 
Josephson junction. As the soliton is the equivalent of the fluxon 
in trans-(CH) , the average voltage on the (CH) chain is demon- 
strated to be a function of propagation velocity and the number of 
solitons contained on it. 


The number of solitons on any segment of trans (CH), is a 
function of the monomer energy gap which is determined by doping. 
A nonuniformly doped polyacetylene chain made up of such segments 
is shown to exhibit an average voltage <v> = <nm>u/% where u is a 
constant propagation velocity, is the length of the polymer chain 
and <m is the average number of solitons on the chain. The ex- 
perimental quadratic current-voltage relations reported for trans- 
(CH). support this conclusion. 


I. PRELIMINARIES 


The notion of a propagating soliton is not a simple notion and 
the requirements for its existence are rigorous. The aim of this 
paper is to indicate the complexity involved in its existence and 
to suggest criteria for such existence. another aim is to indicate 
the fundamental importance of the concept of soliton, first called 
such in 1965 (1, 2), but whose origins stem from observations by 
John Scott Russell (3). The timeliness of this endeavor is due to 
the consideration being given on the one hand, to proteins (4-10) 
and doxyribonucleic acid, DNA (11), as mediators of vibrational- 
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type solitons, and, on the other hand, to trans-polyacetylene, 
(CH)_, as a mediator of soliton dependent electrical conductivity 
or charge-domain-wall movement (12, 13). In this paper, the 
charge-domain-wall soliton is used as a working model for the 
physics of the vibrational-type solitons postulated in proteins and 
DNA. | 


The charge~domain-wall-type soliton of (CH), has received much 
attention. The case for the existence of such solitons in (CH) . 
has been made mainly on the basis of electron spin resonance (ESR) 
data (14). That solitons do, in fact, exist in trans-polyacetylene 
can also be treated as a hypothesis. On the other hand, the mathe- 
matical entity of the soliton has undergone considerable evolution 
and its history has been described by Scott (15). The intention 
here, is not to question whether the mathematical entity of soliton 
propagation can exist in polymers (undoubtedly it does), but to 
refine judgment concerning the necessary conditions for its exis- 
tence. This is a matter of discrimination based on both physical 
and mathematical reasoning. 


All physical situations considered here are described in terms 
of a classical anharmonic oscillator moving in an anharmonic double 
potential well (DPW). As the soliton is known to exist in the line 
of pendula joined with elastic coupling, and also in the long 
Josephson junction as the fluxon, the attitude has been taken here 
that if, indeed, the soliton exists in polymers, whether of the 
vibrational or charge-domain-wall-type, then it should conform to 
certain established criteria of behavior already rigorously studied 
in the aforementioned situations. 


INTRODUCTION 


Trans-polyacetylene, (CH) is electrically conducting and the 
underlying mechanism mediating this conduction is thought to be due 
to the presence of dynamic force relations describable by the 
mathematical entity of the soliton (14). There are a number of 
current-voltage relations reported for (CH). which show a quadratic 
dependence of current on the voltag (16-23) (cf. Figure 1). With 
the dopant concentrations y > 2x10” the EPR signal is signifi- 
cantly reduced from that of the undoped.(and electrically noncon- 
ducting) trans-(CH)_, and for y > 2x10 ~ the signal vanishes (24- 
25), indicating that the dopant binds to free electrons providing 
the conditions for propagation of charged excitations (soliton) 
which do not transport electrons. This doping is, however, not 
expected to be uniform throughout any (CH). chain. 


There have been a considerable number of theoretical treat- 
ments of soliton propagation in (CH) (12-13, 26-27). A different 
point of view is considered here, permitted by the NMR observations 
of Nechtschein et al. (28) on changes in the proton relaxation rate 
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upon doping of (CH), and by Chen et al. (29) that doping adds to 
the double bond and at the highest concentration results in the 
formation of a substituted polyethylene. These observations sug- 
gest that the doping process results in a competition between the 
dopant and the hydrogen (state of resonance) for a carbon bond. 


trans~(CH)x 


107-4 


10-5 


197 


107" 
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Figure 1. Current-voltage characteristics of trans~(CH) at 
various temperatures. From ref. (23). 


As electrical conductivity in (CH). is dependent upon this 
doping, considered nonuniform, the possible reasons are examined 
here for the quadratic current-voltage relations in trans-(CH) 
using a soliton charge-carrying mechanism based on the anharmonic 
oscillator model (30). 


The model presented is microscopic in that the current-voltage 
relation and resistance effects are treated as properties of the 
carbon bond-charge of the dopant interaction. There are also 
macroscopic effects due to the fact that (CH) chains are finite 
and charged species must get from one chain to the next. The model 
presented below, does not take into account these macroscopic 
effects, which undoubtedly influence the overall magnitude of 
electrical resistance in a "rope" of intertwined (CH). chains, but 
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not the quadratic dependence of the I-V relation, which is of 
central interest in this paper. 


For purposes of exposition (CH). chains are shown in which 
every carbon atom has a dopant molecule nearby with which it 
interacts as well as interacting with a hydrogen molecule. 
However, in practice, current will flow in (CH) for one dopant 
every 100 carbon atoms. The examples, shown below, have 100% 
doping merely for purposes of exposition. 


There is also a simplification in the use of a double poten- 
tial well for the competitive interaction of the hydrogen and 
dopant molecules for the carbon atom. Such potentials are more 
complex, but the real complexity has no bearing upon the qualita- 
tive result obtained. 


ANHARMONIC OSCILLATOR MODEL 


The anharmonic oscillator model is based on an equation of 
motion for a monomer of the general form (31,32): 


= x? + +c 0, (1A) 
where x is the B position of the carbon double bond and ¢ is a 
configurational potential (Figure 2), and for coupling to 2d 
immediate neighbors: 

E, = 1A;7/4B is the depth of the local potential, (1B) 

EB = ClA!/Bd is the representative energy of the (1C) 


carbon bond. EB defines the isomerized state which can take on one 
of two positions. 


h = E,,/E, is a ratio and C is defined in Equ. (2) below. (1D) 


For h>>1 only localized transitions occur, but for h<<l a dis- 
placive transition (32-39) results in an incommensurate phase 
domain wall diffusion (soliton propagation). 


To describe a propagating transition in a chain of monomers of 
the type depicted in Figure 2A, the transition becomes displacive 
(40-43) (h<<1), resulting in domain wall diffusion. The potential 
energy of the Hamiltonian description of the process is (31,32): 


y= C nen. (u(2) - u(27)2) + 3} o(x(2)), (2) 
2 2.27 g 
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where u(2) describes the displacement of the bond defining the 
isomerized state along the length of the polymer chain,g , n.n. 
indicates nearest neighbor and ¢ is defined by Equ. (1A). Thus, 
whereas the monomer description, Equ. (1), resembles the Su, 
Schrieffer and Heeger (12,13) description, the displacive chain 
description, Equ. (2), does not, as Su et al. adopted a many-body 
approach which precluded a description of the displacement transi- 
tion inherent in soliton propagation. 
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Figure 2. A. Potential energy (¢) versus double bond position (x) 
diagram for (CH) chain. B. (CH). chain, with two different cases 
of doping. The dopants (D) represents the effective sum charge of 
single or many dopant species acting on the carbon atoms of the 
(CH). chain. C. and D. Inhomogeneous doping. E. and F. For 
explanation see text. 
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Taking into consideration that the doping process results in 
the previously mentioned competition with the hydrogen (state of 
resonance) for a carbon bond (29), then ideally the doping results 
in two types of configuration, A and B (Figure 2B). In these 
figures the dopants (D) represent the effective sum charge of 
possibly single or many dopant species acting on the carbon atoms 
of the (CH). chain. They thus represent the possibly multiple 
static charge influences on the carbon bond transfer involved in 
changing from one isomerized state to the other. In the Figure 2B 
(top) doping condition, the bond transfer from left to right 
(effecting a transfer from one isomerized state to the other) is 
facilitated, as the dopant provides a stronger electron acceptance 
in the isomerized state to be adopted. In the Figure 2B (bottom) 
doping condition, on the other hand, the bond transfer from left to 
right is less likely, as the dopant provides a stronger electron 
acceptance in the isomerized state already existing. The actual 
result of doping is more probably the nonideal forms shown in 
Figure 2C where the angle x is a pictorial representation for the 
degree of resonance interaction of bond 1 with bond 2 and the depth 
of the configurational double potential well (Figure 2D). 


It is a consequence of the anharmonic oscillator model that 
any of the joined monomer segments shown in Figure 2C may be 
represented as a trajectory over the a,b surface representation of 
the monomer element phase space described by Equ. (1). In Figure 
2E is shown an arbitrary semi-circular trajectory; and Figure 2F 
depicts the possible nonuniform doping of (CH) and monomer 
configurational potential wells for a complete circular trajectory. 
The particular trajectory is, of course, arbitrary, but for 
purposes of exposition the circular trajectory will be used here. 
In the case of trajectory 1 > 8, at each of the 8 monomer sites and 
for an increasing applied current to the (CH) chain, the measured 
voltage, if it could be measured, would show an initial increase to 
V and then greatly diminishing increases after that value. 
Conversely, for an increasing applied voltage to the (CH)_ chain, 
the measured current, if it could be measured, would show an 
initial slow increase until a AI value is reached and then increase 
greatly. 


With constant current applied and the resistance and voltage 
measured at each monomer location, if such could be measured, the 
relation shown in Figure 3A is obtained. For the particular 
nonuniformly doped chain considered, the monomer current-voltage 
relations at each monomer site is shown in Figure 3B. 


NONLINEAR MECHANISMS IN MOLECULAR ENERGY TRANSFER 193 


CONSTANT APPLIED CURRENT 


A si 
Reference 
Conductance 
Reference Voltage 
BS 2e 4 4 8 75 6 
jp 
_ 
Li) 
O | 
ox 
—_ 
oO 
oO 
Li 
a 
=_) 
uv) 
<] 
Lid 
= 


APPLIED VOLTAGE 


Figure 3. A. Logarithmic representation of AV, 1/AR and constant 
applied AI relations of the trajectory of Figure 2F. The numbers 
refer to the locations in Figures 2E and 2F. B. Current singu- 
larities in the nonuniformly doped (cH)* chain for the locations in 
Figures 2E and 2F. 
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Figure 3. C. Current-voltage characteristic of a very long 
Josephson junction showing zero-field current steps in the presence 
of an external magnetic field applied transversely across the junc- 
tion. From ref. (48). D. Current-voltage characteristics for n 
fluxon oscillations. From ref. (45). Fluxon oscillations move to 
one end of a long Josephson junction are reflected as an antifluxon 
and move to the other end, etc. (52). Such oscillations can absorb 
power from an external source of bias current. Costabile et al. 
(47) have also made similar calculations using an approximation 


scheme rather than an exact solution with periodic boundary 
conditions. 
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There is little hope of measuring such monomer current-voltage 
relations presently for technical reasons. However, the task to 
relate the soliton-mediated conductivity at each monomer site to 
the conductivity whicy may be measured for a collection of such 
chains may be approached analytically. For example, (CH) chains 
consisting of monomers with less resistance, AR, should exhibit 
more solitons statistically, at equal applied current, then chains 
with more such resistance. 


It is demonstrated in the next section that relating the 
current-voltage quadratic relation problem to the d.c. current 
singularities of the long Josephson junction is straightforward, 
resulting in an explanation for the current-voltage relations of a 
collection of nonuniformly doped (CH) chains, as both phenomena 
are based on the same soliton dynamics. 


LONG JOSEPHSON JUNCTION ANALOGY 


The problem of predicting the average voltage for a given 
applied current in a nonuniformly doped (CH) chain is directly 
related to the explanation of the d.c. current singularities of the 
long Josephson junction (44-49) (Fig. 3C). The fluxon on the long 
Josephson junction is mathematically equivalent to a soliton and 
shares common analytic mechanics with the (CH) soliton. 


The sine-Gordon equation, without dissipative effects for 
which the soliton is a solution, is: 


++ -24- sin 9, (3) 


Where ¢$ is the phase difference between macroscopic quantum wave 
functions that characterize two super conductors and is directly 
analogous to the ¢ of the anharmonic oscillator model. The soliton 
(fluxon) solution to Equ. (3) is (50): 


¢= 4 tan *(£(x)g(t)) (4) 


and f and g are Jacobian elliptic functions defined (44-47): 


& = Af? + (1+ B)£ - C, (5A) 
x 

SB! = cot + pe? - A 5B 
dx & & ) ( ) 


where A, B and C are arbitrary constants. Taking a = (1+B)/A, b = 
C/A for (5A) and a = B/C, b = A/C for (5B), and differentiating, 
the form of Equ. (1) is obtained. 
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For the case of most interest, that with dissipative effects, 
we have: 


a" 4 - 2° o-af1+ ecoss |? = sing, (6) 
9X at C 


where qa and ec are constants. This form can be solved by assuming 
an x and t dependence of $ , e-g.: 


¢=o> (x- ut) = $(&), (7) 
where u is a constant propagation velocity. 


With a and ¢« related to an external energy source (46), Equ. 
(6) is: 


2 2 
os - 2H -T(1t ecoss) 38 | 22 = sind-y, (8) 


where [ = g 2 /2mc 


O 3 
e = g,/8)» 


0, 8] »| (6/201 c) */? 


and I, is a uniformly distributed current bias for the long 
Josephson junction and a current bias for the (CH). chain. 


With this external source dependence, Equ. (8) has the desired 
quadratic current-voltage characteristic with normalized voltage 
(45): 


_ 1 
Vv tk 


(Yo) ¥2 1 (Yo )1/2(E-E); k (9) 
2 dn k 2Tu . 


where Eo is an arbitrary constant: 
E = (x - ut); 


and dn [.,-] represents a Jacobian elliptic function (51) of 
modulus k, 0<k<1: 


k = CYo )Y2, (10) 
Y+Y 


y = 2Tu* [(1-u2)? + 4r7u*] 4/2. (11) 
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Because 


l (yo )*/* = onx(K (12) 
k 2u OK (Ik) » 
(where 2 is the length of the long Josephson junction (or (CH). 
chain); K(k) is the complete elliptic integral of the first kind; 


and n is the number of solitons (fluxons) contained on it), the 
average value of voltage, v, is: 


<v> = nu/d . (13) 


As the number of solitons, n, will vary from monomer to 
monomer at constant applied current, depending on the doping 
condition, the average <m is substituted for n and: 


<v> = <n>u/2 . (14) 


The current-voltage relations calculated with Equ. (14) are 
shown in Figure 3D. The similarity between the relations shown in 
Figure 3D, the putative relations of Figure 3B and the experimen- 
tally obtained relations of Figure 1, indicate that a possible 
explanation of the nonlinearity of Figure 1 is obtained. 


CONCLUSION 


1. Proteins and DNA are presently being considered as carriers of 
solitons of the vibrational type. 


2. Doped trans-polyacetylene is a carrier of the charge—domain-— 
wall type soliton and has been more intensively studied experimen- 
tally and theoretically with respect to soliton mediation. 


3. At this time, models of soliton propagation offer a more 
rigorous conceptual platform. 


4. The anharmonic oscillator model and the fluxon (or soliton) of 
the long Josephson junction offer a conceptual platform for 
examination of molecular solitons. 


5- There is a remarkable similarity between the current-voltage 
relations of inhomogeneously doped trans polyacetylene and the 


6. The anharmonic oscillator model, fundamental to moving wave 
phenomena including the fluxon of the long Josephson junction, is 
thus advocated as conceptual platform for the study of molecular 
solitons. 
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NONLINEAR EXCITATIONS IN POLYACETYLENE 


W. P. Su 


Department of Physics 
University of Illinois at Urbana-Champaign 
Urbana, IL 61801 USA 


As one of the simplest conjugated systems the polyacetylene 
chain has been of interest to chemists for a long time. In recent 
years it has attracted physicists' attention as a quasi one 
dimensional material. It is a highly nonlinear system. Being very 
interesting from many points of view, it serves to illustrate the 
fruitfulness of interdisciplinary interactions. 


Most of the quantitative results have been obtained using a 
very simple tight-binding type Hamiltonian.*? The Hamiltonian is 
linear in the electron-phonon coupling. Within the adiabatic 
approximation it is effectively a Huckel type theory. 


The balance of the electronic energy and the lattice strain 
energy leads to many nonlinear solutions. For example it is shown 
that the ground state configuration of a polyene chain has a bond 
length modulation - single and double bonds alternate along the 
chain. Although the result is well known, the definition of a 
single or double bond is different from that which is adopted in 
elementary chemistry. The double bond here means a shorter length 
than a single bond and doesn't imply a pair of localized 1- 
electrons. 


For an infinite chain there are two degenerate ground states: 
the A phase and the B phase. B is related to A by interchanging 
the double and single bonds. In either phase there is an 
electronic gap of about 1.5 eV separating the filled valence band 
from the empty conduction band. A kink that connects a segment of 
the chain in the A phase to another segment in the B phase is a 
topological soliton. The disruption of the perfect single-double 
bond alternation pattern near a kink also introduces a distortion 
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in the electronic spectrum. There is always a localized molecular 
orbital within the gap. The additional optical absorption caused 
by the gap state provides a most direct way of observing the 
kinks.*? The spin density associated with the gap state can also 
be scrutinized by all sorts of sophisticated electron spin 
resonance and nuclear magnetic resonance experiments.°~ Most of 
the experimental results confirm the theoretical predictions that 
the kink has a width of about 10 lattice constants and has a very 
small effective mass (a few electronic masses).° 


Neutral kinks occur naturally in finite odd chains, 19 They 
carry a net spin but no charge. The separation of charge and spin 
in a particle-like entity (the kink) is something that physicists 
find fascinating. 


Charged but_spinless kinks can be produced by doping! or by 
photoexcitation.” The photoinduced absorption spectrum has the 
Same features as the dopant induced absorption spectrum, indicating 
that these features are intrinsic to the kinks.! 


The dynamical behavior of a single soliton and_a soliton- 
antisoliton pair is only beginning to be explored. Besides the 
kinks, there are also the polaron solutions*™” as discussed by Dr. 
Bishop in this meeting and possible others as well. 


For an elementary survey, the reader is referred to the 
forthcoming review articles. 9,20 


This work was supported by the Material Research Laboratory 
under National Science Foundation grant NSF DMR 81-17182. 
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PROSPECTS FOR A BIOELECTRONIC TECHNOLOGY 


COMMUNICATION WITH SUBMICRON STRUCTURES: PERSPECTIVES IN THE 


APPLICATION OF BIOMOLECULES TO COMPUTER TECHNOLOGY 


Albert F. Lawrence and Robert R. Birge 


Hughes Aircraft Company, PO Box 9399, Long Beach, CA, and 
University of California, Chemistry Dept., Riverside, CA 


1. EVOLUTION OF ELECTRONIC DEVICES 


That demands on computer technology keep several steps ahead of 
the hardware is proverbial. The needs of the scientific and engineer- 
ing communities for numerical modeling and image processing have 
stimulated an exponential growth in processor speeds and memory 
capacities. This growth has been sustained by advances in device 
physics since the early 1950's. The major portion of these advances 
may be attributed to a steady decrease in circuit dimensions. The 
limits to miniaturization in a semiconductor-based technology are now 
in sight. The breakdown of transport laws in bulk semiconductor 
samples with dimensions below 0.1 micron precludes use of conventional 
materials and structures for devices at and below the 0.1 micron 
scale. In order to sustain further progress, circuit technology 
must turn to alternative materials. 


The fundamental limits of computer speed are determined by gate 
and communication delays. From the standpoint of fundamental physics, 
the speed of communication between circuits is limited by special 
relativity, while the speed and scale of individual circuits are 
bound by quantum mechanics. As participants in this conference have 
shown, analogs of gates, valves, memory elements, oscillators and 
clocks all exist at the molecular level (See Carter, these proceed- 
ings). Thus, on the scale of individual circuits, the evolution 
of computers toward higher speeds, greater circuit density and lower 
power consumption presently seems limited only by fundamental 
molecular physics. As an illustration of this point, Figure 1 
compares resolution limits for various lithographic techniques 
against molecular dimensions of organic polymers and dyes. Electron- 
beam (EB) techniques may be used to build structures compatible in 
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Figure 1. Resolution limits for various thin-film fabrication 
techniques compared to molecular dimensions. 


size with polymers or biological macromolecules.! Since suitable 
techniques could be developed for the synthesis and attachment of 
molecular structures to a proper substrate, we have at hand many of 
the techniques necessary for the fabrication of circuits on the 
nanometer scale. McAlear, (these proceedings) has discussed the 
issue of synthesis from a biological perspective. 


The principal advantage of nanometer scale structure is circuit 
density. Assuming resolution limits consistent with current (EB) 
technology,l we would be able to pack as many as a hundred thousand 
times more circuits onto a planar chip than is the current practice. 
Development of molecular-level technology would also pay enormous 
dividends in circuit speeds. This is because higher densities imply 
reduced signal propagation time between individual circuits. In 
addition, typical time scales for molecular processes are in the 
picosecond range or faster. Molecular-level circuits would offer 
increases in speed three or more orders of magnitude beyond current 
Silicon technology. 


Organic polymers and dyes possess a wide range of desirable 
optical and electrical properties. The first step toward the mole- 
cular scale is the use of very thin films. Development and exploita- 
tion of techniques for deposition of monomolecular films is an active 
area of research. Thompson (these proceedings) has described the use 
of very thin films as tunnel barriers in electronic devices. 
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Langmuir-Blodgett deposition, chemisorption, and surface poly- 
merization techniques have all been used to form very thin films. 
In addition to being compatible with present thin-film techniques, 
monomolecular films offer the possibility of preserving the useful 
macroscopic properties in two dimensions, while at the same time 
utilizing the microscopic properties in the third. Two examples, 
which we will discuss in this presentation, are thin film optical 
memory devices and active tunnel barriers. 


2. PRESENT LIMITS TO COMMUNICATION WITH SUBMICRON STRUCTURES 


Assuming that synthesis and fabrication are possible, communica- 
tion is a major practical problem with nanometer structures. Build- 
ing an assembly of nanometer circuit elements loses some of its 
intrinsic appeal if input and output require a roomful of high- 
precision electronics. Solving the I/O problem forces us to 
consider means of communication through intermediate structures. 

Use of monomolecular films offers the possibility of fabrication of 
the necessary intermediate structures. 


Two other technical issues are compatibility of power dissipation 
levels (energy required to switch a gate) and switching times. 
Figure 2 places these issues in the perspective of current technology. 
This figure compares power dissipation levels and switching times 
for several different semiconductors, Josephson junctions and mole- 
cules which exhibit switching behavior. As one might infer from the 
figure, Josephson junction technology bridges the gap between char- 
acteristic times for semiconductor gates and characteristic times for 
molecular transitions.%>3> In addition, Josephson junction energy 
levels are intermediate between energies necessary to switch molecular 
states and energies necessary to switch semiconductor gates. The 
use of Josephson junction devices as intermediate between molecular 
gates and the macroscopic world is a reasonable prospect. An increas- 
ing amount of semiconductor circuitry for sensors is being run at 
cryogenic temperatures. General considerations of power dissipation 
per unit volume versus circuit density seem to require the low power 
dissipation levels provided by cryogenic circuitry. Josephson 
junction technology meets the criteria of speed and low power dissi- 
pation. Finally, because Josephson junctions require dielectric 
barriers whose thicknesses are measured in nanometers,“ this tech- 
nology offers a convenient synergy with thin film technology. 


3. INVESTIGATION OF MOLECULAR PROCESSES IN THIN FILMS 
Before turning to discussion of some potential applications of 
biomolecules to computer technology, we will discuss a few techniques 


for investigation of moleculer processes in thin films. 


Present laser techniques permit focussing of laser beams (in 
the visible range) to a one micron spot. Various techniques are also 
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Figure 2. Gate delays and power dissipation levels for solid state 
devices compared to transition times and power consumption 
levels for molecular processes. 


available to obtain light pulses of one picosecond or less in dura- 
tion. The combination of small spots and short pulses is obtainable 
with off-the-shelf equipment. Although resolution limits imposed by 
the wave nature of light do not permit optical addressing of sub- 
micron structures, laser techniques are increasingly useful in 
investigating the dynamics of molecules in small structures. 


We will now turn our attention to techniques which may be used 
to investigate the low-energy end of the electromagnetic spectrum. 
Frequencies corresponding to acoustic phonons are of particular 
interest. Acoustic phonons corresponding to the 1 to 200 wavenumber 
range (30 gigahertz to 6 terahertz) play a major role in device 
physics. Three aspects of the acoustic phonons seem to be particu- 
larly relevant to performance of small devices. First, acoustic 
phonons determine the upper limits of device speeds. This is 
certainly the case in superconductive electronics, where the formation 
of Cooper pairs, and thus the onset of the superconductive state is 
due to electron-phonon interactions. Second, several molecular 
switching processes occur in the picosecond range. »® Applications 
of molecular processes in electronic devices must take account of 
possibie resonances between molecular oscillations and oscillations 
occurring at the characteristic frequencies of the device. Third, 


BIOMOLECULES IN COMPUTER TECHNOLOGY 211 


acoustic phonons are intimately connected with_solitary wave processes 
in long chain polymers and molecular crystals.’ The so-called 
solitonic processes seem to offer a means of energy transfer (communi- 
cation) between molecular structures which is not subject to radiative 
processes and is exceptionally stable against dissipation by non- 
radiative processes. Detection of characteristic phonon signatures 
may be a great aid in the study of solitary wave phenomena in 
molecules. 


A number of critical issues in the development of electronics 
applications of biomolecules turn on the possible interactions of 
far infrared and millimeter wave frequencies in submicron structures. 
It is interesting to note the parallel between this observation and 
the biologist's increasing appreciation of the significance of 
millimeter and submillimeter frequencies in the molecular processes 
of living cells. Techniques which can be applied to the study of 
molecular resonances in artificial thin films may also provide informa- 
tion useful to the biologist. 


The simplest method for studying low-frequency molecular vibra- 
tions in thin films involves the measurement of tunneling currents 
at low temperatures in metal-insulator-metal (M-I-M) junctions or 
superconductor-insulator-superconductor (S-I-S) junctions. Analysis 
of current-voltage relations in M-I-M junctions is the basis of the 
technique of inelastic electron tunneling spectroscopy (IETS). 
Interaction of tunneling electrons with excitations in the barrier 
(molecular vibrations, excitons, solitons, etc.) provides extra 
channels to a tunneling electron. This is because an electron losing 
energy to a barrier excitation may tunnel to a lower energy level in 
the counter electrode. Raising the relative voltage between source 
and counter electrodes makes more of these lower energy channels 
available to the tunneling electron.? This is reflected in the I-V 
curves for the junction, as shown in Figure 3. 


At the relative voltage a tunneling channel becomes available, 
the I-V curve shows a bend, the first derivative (with respect to 
voltage) shows a step and the second derivative shows a spike. Spikes 
in the second derivative of the I-V curve reflect lines in the 
inelastic tunneling spectrum of the barrier. These lines are a 
combination of the usual infrared absorption and Raman spectra of 
the molecules in the barrier; with a geometric selection rule. 9 
Generally, tunneling electrons interact with molecular dipoles 
oriented perpedicularly to the barrier. 


IETS generally requires the measurement of the second harmonic 
of the voltage response to a sinusoidally modulated current source. 2 
This makes the technique rather slow. Sensitivity is quite high, 
however. Use of a differential bridge permits measurement of the 
spectrum of a sample of as few as 10 billion molecules in a film 
several square millimeters in area. ? Scaling present experimental 
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Figure 3. (a) Energy level diagram for elastic and inelastic tunnel- 
ing processes. Inelastic tunneling channels are opened 
when a tunneling electron is permitted to give its energy 
to molecular vibrations in the barrier layer. (b) The 
characteristic energy losses due to inelastic scattering 
interactions may be determined from the second derivative 
of the I-V curves for the tunnel device. 


apparatus down to micron dimensions and using high sensitivity, low 


noise cryogenic electronics should improve both speed and sensitivity 
several orders of magnitude. 


The Josephson effect provides more promising techniques from | 
the standpoint of speed. At least two different approaches might be 
taken toward the study of the dynamics of polymers and dyes in the 
solid state. The first would be to investigate interactions between 
quasi-particle tunneling and the Josephson current in a Josephson 
junction. Organic molecules in the barrier region would interact 
with the quasi-particle tunneling. Changes in the quasi-particle 
tunneling current couple to the Josephson current near the Reidel 


singularity. Relevant junction characteristics might be measured 
in a SQUID configuration. 
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The second technique would use a SQUID device to measure magnetic 
transitions in a population of molecules. A simple calculation shows 
that a SQUID magnetometer operating at the present limits of sensi- 
tivity could detect field changes which are due to the change induced 
by 1000 simultaneous spin flips in a small material sample. Measure- 
ments could be made either indirectly, as changes in magnetic suscep- 
tibility, or directly, as an induced magnetic field. Reported 
measurements of magnetic susceptibility approach the theoretical 
limits of sensitivity. 2 Unfortunately, indirect measurements as 
presently done by SQUID devices are rather slow, but direct measure- 
ments could be made on a picosecond time scale. The penalty for 
making the fastest possible measurement is that magnetic field changes 
would have to be on the order of a single flux quantum. This means 
that the magnitude of the effect to be detected would have to be 
several orders of magnitude greater than a thousand spin flips. 

This puts direct magnetic measurements with SQUIDS in the same 
sensitivity range as IETS, but the speed is at least 10 orders of 
magnitude greater than IETS as presently practiced in the laboratory. 


4. PROSPECTS FOR DEVICES BASED ON ORGANIC OR BIOMOLECULES 


Present prospects for devices at the molecular scale can be 
guaged by the present limits of laboratory measurement by electronic 
techniques, which are three or four orders of magnitude away from 
detection of events in a single molecule. This compares rather 
unfavorably with the sensitivities of biological systems reported 
at this conference. It.would seem that the device physicist could 
learn from nature. 


Optical techniques may be somewhat better than electronic for 
detecting events in small ensembles of molecules, but the energies 
necessary to produce photons for the detectors seem to be incompatible 
with power dissipation limits in dense structures. Although 
appropriate for single experiments and simple devices, optical 
circuits are not useful for the very large scale integration which 
is coming into use for the present generation of computers. 


One solution to the problems of measurement is to integrate 
experiment and detectors into microcircuits on the same chip. This 
would aid progress toward molecular scale devices. In addition to 
producing devices with useful properties, thin film techniques may 
also lead to some interesting experiments. One class of proposed 
devices is Josephson junctions with optically active barrier layers. 
We discuss this idea as a particularly interesting example of the 
class of devices based on monomolecular films below. 


One may also envision a solution which evades the problems of 
scale and power dissipation in optical devices. The basic paradigm 
is to uge molecular transitions as a type of content addressable 
memory. Content addressable memories are advantageous for a number 
of computer applications. 11 
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For a content addressable memory based on optical spectra, we 
require a material composed of molecules with several stable states, 
each with a distinct set of absorption lines. Absorption of a 
photon would induce a change of state and a corresponding change 
in the absorption spectrum. Given that the molecule possesses 
spectral lines which may independently register the absorption of 
photons at n different wavelengths and that there are no interference 
effects among the different spectral changes, that molecule would 
serve as an n-bit memory. 


Memory storage in a material composed of these idealized 
molecules would involve changing a small sub-population of the mole- 
cules in the material. Ideally, it would not be necessary to write 
to any particular spatial location, so organization of the material 
on a molecular level would not be necessary. Rather, memory 
Capacity would correspond to the ratio of sample size to the 
minimal population for which a change may be detected. 


Although no materials with three or more homogeneous independent 
States are known to the authors, even a two-state memory molecule 
would be extremely useful. We discuss a device based on such a 
substance in the last section. 


The most serious obstacle to designing a molecular level 
digital computer is that a sufficiently accurate theory of the 
dynamics of large molecules is not yet available. We cannot hope 
to specify a complex structure like a digital computer until we have 
a means of embodying its fundamental operations in an actual physical 
structure. Although models of quantum-level Turing machines have 
been proposed! » none of these models exhibit realistic molecular 
forces in their Hamiltonian formulation:~ The appropriate extension 
of present models should provide several key features: 


(1) a library of molecular structures which embody the 
fundamental operations of combinatorial logic, 


(2) molecular control structures which may be coupled to the 
computational elements to force unambiguous sequences of 
operations, 


(3) dynamical models of control and logical elements and 
their interactions, and 


(4) models of scattering events which would provide input and 
output operations. 


Such a theory would point the way toward synthetic molecular 
structures capable of executing stored programs. Because of the 
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requirement that the results of the operation of this computer be 
unambiguous, the observables would more likely be classical rather 
than quantum in nature. This may be accomplished by statistic means, 
i.e., duplication of structure and operations, or through dynamical 
processes which carry a large momentum. Because solitonic processes 
carry a relatively large momentum and may be modeled semiclassically, 
this has led to the speculation that solitons are the appropriate 
dynamic vehicles for computer operation (Carter, these proceedings). 
The complexities of realistic models of the types of nonlinear 
molecular dynamics which might produce solitonic events (Scott and 
Lomdahl, these proceedings) may make numerical simulation by 

present computers impossible. At this point, the requirement for more 
powerful computers becomes circular. We need better computers in 
order to build better computers. 


5. OPTICALLY SENSITIVE JOSEPHSON JUNCTIONS 


Given presently-available technology, the optimal computer 
should probably be a hybrid. Josephson junction technology seems to 
offer the fastest possible logic with the lowest power dissipation. 
Optical devices, on the other hand, seem to offer the highest memory 
capacities. Building a hybrid of optical and Josephson junction 
components is impeded by the lack of a practical optical-Josephson 
junction interface. 


Interactions with organic materials are well known for non- 
Josephson currents of tunneling electrons. Laboratory demonstrations 
include a reported Josephson interaction with protoporphyrin IX Fe 
(+++) in a point-contact junction. 14 Also, substances composed of 
similar heterocyclic molecules, such as the pthalocyanines, have been 
shown to behave as semiconductors. The conductivity of these sub- 
stances may be rapidly modulated by exposure to circularly polarized 
light.1 Given that either porphyrins or pthalocyanines maintain 
their optical activity down to temperatures necessary for operation 
of Josephson junctions, an optically sensitive junction may be built 
as illustrated in Figure 4. 


Polyacetylene is another candidate for an optically active 
barrier material. Polyacetylene exhibits a photovoltaic effect. 
Just as in photovoltaic semiconductors, this is the result of the 
formation of an electron-hole pair subsequent to absorption of a 
photon by the polyacetylene molecule. Su and Schrieffer!® have 
shown that the conjugated bond system of the molecule is unstable in 
the presence of an electron-hole pair and distorts to form a soliton- 
antisoliton pair. The time for formation of the two solitons is 


about 0.1 picosecond. Furthermore, the energy barriers due to 
lattice discretization for a soliton moving along a polyacetylene 
molecule is about 0.004 electron volts. This is in resonance with 


characteristic frequencies in Josephson junction devices.¢ A junction 
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Figure 4. Edge-coupled organic barrier in Josephson junction. 
Light interacting with molecules in the barrier changes 
electrical properties of the junction. 


with a polyacetylene barrier region should show a strong response to 
photons of the proper energy. Such a device would act as a pico- 
Second optical sensor. 


6. A HIGH SPEED OPTICAL MEMORY BASED ON BACTERIORHODOPSIN 


The second component of our proposed hybrid computer is a high- 
capacity optical memory. A thin layer of bacteriorhodopsin may be 
used as the active component of an optical memory device. The 
light-adapted form of bacteriorhodopsin (bR) has two, and only two, 
stable species of liquid nitrogen temperature (77K). 18 These two 
species are called BR and K where K is the informal name for the 
primary photoproduct. These two species can be photochemically 
interconverted with transformation times of approximately 10 pico- 
seconds. Furthermore, these two de a have distinct absorption 
maxima (568 nm for BR, 610 nm for K).1/ The high interconversion 
rates, the distinct absorption maxima, and the high photochemical 
stability of this protein make it an optimal biomolecular storage 
device. Furthermore, the quantum yields for the BR --> K (0.33) and 
the K --> BR (0.67) photoconversions are significantly higher than 
those of competitive molecular storage devices.1° While this is not 
a necessary prerequisite for a device, it indicates that much lower 
optical fluxes are required to initiate bit flipping which ultimately 
lowers the heat generated during read/write cycling. Furthermore, 
the bit densities are many orders of magnitude higher than magnetic 
flux devices, which provides both intrinsic speed as well as storage 
Capacity. 


Highly stable dried films of bR may be deposited onto a quartz 
or sapphire substrate. Such a structure would comprise the active 
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element of an optical disc storage device. Information would be 
stored by assigning BR to bit 0 and K to bit 1. Irradiation at 

500 nm converts BR to K with a quantum efficiency of 0.33. Resetting 
the bit is accomplished using 633 nm laser radiation which converts 
K to BR with a quantum efficiency of 0.67. The read operation is 
performed using both lasers in a coupled mode with the 633 nm beam 
reading the track, and 1 bit being reset immediately with the 

500 nm beam. This technique is the optical analog of micro- 
electronic refresh techniques. 


Studies of cell membranes containing bR indicate that three 
bR molecules occupy a unit cell with dimensions of approximately 
50 x 50 Angstroms. If we arbitrarily assign a single bit to the 
unit cell (three chromophores/bit), a single bit occupies an area 
of only 2.5 x 10713 cm2. The active surface area on a small 5.25" 
disc is approximately 400 sq. cm. Accordingly, a single small disc 
has the potential of storing 200,000,000 megabytes. This is, of 
course, an unrealistic number for present technology because it is 
virtually impossible to focus a laser beam onto such a small area. 
However, if we include Gaussian optical limitations in our calcula- 
tions, and use the 400 sq. cm area, our disc surface could easily 
store 500 megabytes and possibly an order of magnitude more. Devices 
of this type are currently being investigated at the University of 
California, Riverside. 
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ABSTRACT 


The potential application of Langmuir-Blodgett-deposited films 
in microelectronics is discussed. The application areas which appear 
most promising are those requiring near perfect and uniformly thick 
films in the thickness range 2.5-50 nm. Three areas are discussed: 
the use of Langmuir-Blodgett films as electron resists in submicron 
device fabrication; the use of these films as insulators in metal- 
insulator-semiconductor (MIS) structures in which the semiconductor 
is a compound one; and the use of Langmuir-Blodgett films as tunnel- 
ing barriers in Josephson junction electronic circuits. It is 
pointed out that, while preliminary evidence indicates high potential 
payoff for these films, the amount of data and research is very 
limited. 


I. Introduction 


Langmuir-Blodgett-deposited films! have, to date, been primarily 
the study focus of physical chemists and physicists who have been 
concerned about the thermodynamics and the phase transitions of the 
almost-ideal two dimensional substances. There now appears to be an 
increasing interest in the application of these films to advancing 
the state of microelectronics.* It is the purpose of this paper to 
review some recent encouraging results in the applications area. It 
is pointed out at the outset, however, that much remains to be learned 
about the electrodynamic, thermal, and mechanical properties of these 
very interesting films before devices can be materialized. Because 
of the close relationship between the structure and properties of 
some Langmuir-Blodgett films and biological substances, understanding 
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the electrodynamics of Langmuir-Blodgett films may assist in pro- 
viding a deeper understanding of the dynamical processes occurring 
within biological materials. 


Langmuir-Blodgett films appear attractive in applications re- 
quiring almost perfect films and also very thin films, films of the 
order of 2.5-50 nm thickness. The thickness of such multilayer films 
is determined by the number of depositing operations performed, 
countable integers, and the thickness of each layer. The latter is 
determined by the chemistry of the starting materials. 


This thickness dependence contrasts sharply with that of the 
more normal and usual processing procedures in microelectronics such 
as spin-and-spray-deposition, sputtering, evaporation, and chemical 
vapor deposition. In all these procedures, the thickness depends 
upon the physical process variables and it is a credit to this indus- 
try that such close, but expensive, control can be maintained on 
these variables. 


Secondly, the Langmuir-Blodgett films appear attractive as insu- 
lating and passivating layers on compound semiconductors. The native 
oxides of these materials have not proven to be effective layers and 
alternative materials are being explored, most commonly vapor- and 
Sputter-deposited Si0,. Electrical stability and low interface den- 
sities are the important requirements in the application rather than 
the thickness uniformity and control. 


The details of the Langmuir-Blodgett process are well described 
in reference 1, but a brief summary is given here. The process is 
the transfer of a floating film to a substrate which is mechanically 
transported across the liquid-gas interface. The transport may be 
in either direction, and one layer of the film is deposited with each 
transport. The film, such as barium stearate, vinyl stearate, or 
diacetylene, consists of chain-like molecules the length of which 
depends upon the number of links or cells in the aliphatic chain and 
determines the film thickness. The film is placed upon the liquid 
Sub-phase, usually water, by first dissolving the film's starting 
material in a solvent such as heptane, depositing the solution onto 
the sub-phase surface with a syringe, and then allowing solvent evap- 
oration. Before transference to the substrate, the film is compressed 
Into a close-packed, two-dimensional, molecular array with the hydro- 
phobic molecular tails away from the sub-phase and the hydrophilic 
molecular heads next to the sub-phase, and this compressional force 
is maintained constant throughout the transference by means of a 
feedback control loop. While the process is thus simply described, 
in fact, the successful carrying out of the deposition requires great 
attention to mechanical details, to high-purity starting materials 
and sub-phase, and to control over all deposition steps. 
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Having indicated the essentials of the Langmuir-Blodgett process 
and the primary motivations for the use of such films in microelec- 
tronics, we shall now proceed to describe recent results in three 
application areas. The first of these is the use of such films as 
electron resists for sub-micron circuit fabrication. As feature 
sizes shrink from the current micrometer dimemsions to the tens of 
nanometer dimensions, electron and other small wavelength beams must 
replace optical beams and correspondingly thin resists must be used. 
We describe this application in the next section. 


Section III describes the use of Langmuir-Blodgett films as 
insulators in MISFET devices. The necessary requirement here is for 
a stable semiconductor-insulator interface with low interface den- 
sity. We shall focus here on the results with InP as data on other 
semiconductors is most sparse. 


Section IV describes the use of Langmuir-Blodgett films as tun- 
neling barriers in Josephson junction electronic circuits. This 
application differs from the previous two in that it deals with a 
monolayer film rather than a multilayer film, and it concerns the 
transport of electrons and superconducting pairs through the film. 
Demands upon the film quality are extremely high in this application. 
This tunneling transport has more relevance to signal transmission 
in biological materials than do the other applications. And finally, 
the last section points out some of the many remaining questions in 
the applications of this developing technology. 


II. LANGMUIR-BLODGETT FILMS AS ELECTRON RESISTS 


Fabrication of integrated circuits with nanometer feature sizes 
requires the abandonment of photolithography due to its wavelength 
limitation and the use of x-ray, ion, and electron beams.? Resolu- 
tion with electron beams appears limited due to the back-scattering 
and the range of energetic electrons which gives rise to a pear- 
Shaped exposed volume of resist material. The pear dimensions are 
comparable to the range and thus to the desirable resist thickness. 


For fifty nanometer feature sizes, it is desirable to reduce the 
electron beam range to this length by decreasing the beam voltage to 
the order of 2 kV and to use 50 nm ultra thin resists.* Conventional 
spin-coated resins appear to have an increasing number of pinholes 
for thickness less than 300 nm, thus limiting their usefulness. 


Some multilayer Langmuir-Blodgett films have the requisite prop- 
erties for use as ultra-thin resists. Namely, they appear homoge- 
neous and of constant thickness, they appear pin-hole free, and they 
are plasma resistant. They also offer high sensitivity and good 
contrast. 
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As an example, 30 layer (90 nm) w-tricosenoic acid films devel- 
oped in ethanol have a sensitivity of 0.45 uC/cm* and a contrast of 
3 parameters”? which are competitive with that of PMMA. 60 nm grating 
lines on an aluminum substrate have been resolved with this resist. 
Plasma etching of a 150 nm thick aluminum film shows that 100 nm of 
w-tricosenoic acid provides adequate protection. In reactive CCL, 
plasma etching, the relative etching rates of aluminum to tricosenoic 
acid is 6.7:1.¢ 


Positive electron beam resists of multilayer Langmuir-Blodgett 
films of a-octadecylacrylic acid® have been reported with a feature 
size in the resist of 50 nm. Plasma resistance, sensitivity and 
constrast of these 20 layer (69 nm) films has not yet been deter- 
mined. 


The essence of these results is that polymerizable films can be 
deposited by the Langmuir-Blodgett technique which are of such high 
quality (pinhole free) that the possibility of ultra large scale 
integration (ULSI) with nanometer feature sizes appears promising. 


III. MISFET 


Metal-insulator-semiconductor (MIS) structures are important 
ones for field effect transistors (FET) and for photovoltaic diodes. 
A necessary requirement is that the semiconductor-insulator inter- 
face be electrically stable (and presumably, therefore, chemically 
and mechanically), and that the interface have a low surface state 
density. Otherwise, the electrical characteristics of such devices 
would drift with time and with applied voltages and the semiconductor 
surface potential would not be changed by the application of external 
voltages respectively. The success of silicon devices can to a large 
extent be attributed to the Si-Si0, interface properties. 


There is a growing interest in the use of Langmuir-Blodgett 
films as passivating insulators on compound semiconductors* due to 
the fact that the native oxides, either thermally-grown or deposited, 
have not proved to be either stable or to have low interface state 
densities. Successful deposition of cadmium stearate onto InP’ and 
onto InSb and (He-Cd) Te® narrow band gap semiconductors have been 
reported. FET device operation has been reported for the InP. 


Au/Cr-CdSt9-n-type InP’ diodes with 30 insulating layers (78 nm) 
display conductance peaks which are dependent upon the method of 
substrate preparation prior to depositing the organic film. Hyste- 
resis in the capacitance-voltage curves indicates charge trapping 
at the interface. The conductance and capacitance data yield a 
surface state density of 3 x 10!! states/cm*-eV near the band gap 
center, a value which compares with 10!9 states/cm*-eV for the 
Si-Si0> interface. These results are quite promising considering 


the infancy of this technology. 
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The admittance-voltage characteristics of Au-diacetylene 
polymer-n-Hgg 47Cdr .53Te MIS diodes with 31 monolayers show no 
hysteresis, a small negative flat band voltage, and a surface which 
can be accumulated, depleted, and inverted.® This Langmuir-Blodgett 
film transmits well in the far infrared region. The results offer 
promise for an MIS technology for narrow band gap semiconductors. 

The possibility of charge coupled device (CCD) image arrays operating 
in the infrared is most exciting. 


IV. JOSEPHSON JUNCTION INTEGRATED CIRCUITS 


Josephson junction integrated logic circuits depend upon the 
tunneling of electrons and of superconducting Cooper pairs between 
two superconducting electrodes separated by an insulator in the 
thickness range 2.5-5 nm. Larkins, et. al.,? have recently reported 
the observation of a dc Josephson current between lead alloy elec- 
trodes in which the insulator is a polymerized vinyl stearate mono- 
layer deposited by the Langmuir-Blodgett technique. Subsequent ob- 
servations have been reported!? with Langmuir-Blodgett deposited 
polydiacetylene monolayers and with other electrode materials. 


Langmuir-Blodgett tunneling barriers have the potential to 
provide the necessary control of the circuit parameters such that 
very large junction arrays will be feasible. A critical circuit 
parameter is the junction critical current I, which, for the small 
junctions involved in such circuits, is the product of the critical 
current density J, and the junction area. For supercomputer appli- 
cations, the critical current I, of the junctions in an array must 
be maintained within a 10% tolerance. 


Unfortunately, the critical current density J, is proportional 
to the tunneling probability of an electron through the insulating 
barrier, a probability that depends exponentially upon the barrier 
thickness and upon the square root of the tunneling potential barrier. 
This places very high control demands upon the barrier processing 
technology. One such technology that appears promising is the rf 
sputter-etching of lead alloy films in an oxygen plasma!!! in which 
precision control of the processing parameters is maintained. 


The barrier thickness of Langmuir-Blodgett films is determined 
by the molecular weight of the chain-like monomers of the film or by 
the number of CH» groups in the chain. By careful control of the 
starting materials,!* this number can be fixed although information 
on the variance of this number is unknown. Hence, by careful chem- 
istry, this barrier thickness can be controlled. Moreover, by de- 
creasing the number of CH? groups from that of the stearate films, 
the barrier thickness can be decreased and the critical current 
density increased which has attractive performance benefits. The 
lowest practical limits for the number of CH) groups is unknown at 
this time. 
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These polymerized Langmuir-Blodgett films appear to consist of 
large crystallites and to have a high degree of structural integ- 
rity.!45!3 This suggests that the tunneling barrier height is well 
controlled and is the same order of magnitude for these films in 
which the dominant volume is made up of CH» groups. The possibility 
of point defects such as vacancies exists but little information is 
available about them or their possible effects upon the tunneling 
probability. 


Perhaps the largest uncertainty with these films is the possible 
thin oxide layer that can grow upon the base electrode prior to the 
Langmuir-Blodgett deposition, This layer would then be in series 
with the desired film, and the layer would decrease the tunneling 
probability and the critical current density. More experimental 
work is necessary on this point. 


Two performance estimates are important in logic devices. One 
is the time required for switching. The second is the amount of 
energy involved in a logic operation. The time required is deter- 
mined by the superconducting gap voltage of the electrodes, the 
dielectric constant and thickness of the insulator (junction capaci- 
tance per unit area) and the critical current density. The switching 
speed estimates for lead alloy electrodes with vinyl stearate bar- 
riers is 6 picoseconds.!? Decreasing the number of CH» groups from 
that of the stearate film is expected to decrease this time estimate 
as the critical current density increases faster than the junction 
capacitance with decreasing barrier thickness. 


The energy of a logic operation is the product of the device 
power and the switching speed. For lithographically-fabricated junc- 
tions, the device power level is expected to be of the order of 
0.5 uwwatt. This, when combined with the switching speed yields an 

-18 .; + . 
energy of 3 x 10 joules. This is many orders of magnitude larger 
than thermal energy kT and six orders of magnitude smaller than the 
typical picojoule of semiconductor logic. 


V. QUESTIONS 


While the results to date in the application of Langmuir- 
Blodgett films to microelectronics have been most promising, many 
questions remain to be answered. One question of prime importance 
is the compatibility of these films and their depositions with prior 
and subsequent processing steps. It is questionable, for instance, 
whether such films can withstand even the low temperature processing 
Steps associated with semiconductor integrated circuit fabrication. 
The use of polymeric films with strong intra-plane bonding may be 
key to their successful application. The same question must be 
answered relative to the compatibility with Josephson integrated 
circuit fabrication. 
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Electron resists studies have been carried out to ascertain the 
necessary material characteristics to obtain ultra high resolution. 
To date, however, device fabrication using these Langmuir-Blodgett 
resists has not been achieved. The potential of devices with nano- 
meter features will undoubtedly push this area forward. 


Perhaps the most exciting of the three application areas is the 
monolayer development for Josephson integrated circuits. The ques- 
tion of critical current control, while simply stated, has not been 
answered. The limit of film thinness is not yet known. Questions 
on the film thickness uniformity and on the defect density (in its 
effect upon tunneling) must be answered in more definitive detail 
than has been asked in the past. Perhaps the reason that this area 
is the most exciting is the implications such tunneling phenomena 
have for the electrodynamics (and statics) in biological materials. 
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INTRODUCTION 


One way to visualize the complex phospholipid 
molecular bilayer comprising the biological membrane 
which surrounds the living cell is as a high density, 
two dimensional, digital logic processing (possibly 
memory) plane or surface acting somewhat in the fashion 
of an "“ultra-microcircuit" composed of high speed, low 
power-consuming, quantum-limited units ("switching 
elements" or "devices") which would be composed of a 
bilayer "sandwich" of two opposed, single linear 
phospholipid molecules. In this view, the analogue of 
Silicon in traditional microcircuitry would be the 
inner insulating hydrocarbon acyl chain layer (approxi- 
mating 40-50 Angstrom units in thickness). Surface 
protein molecules or the conducting surface layers of 
assemblies of the polar head groups of the amphipathic 
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membrane-forming molecules would form a sort of "conduc- 
tor/insulating barrier/conductor" structure already 
familiar as MIM, MOS and other more complex types of 
metal/semiconductor devices. Such a thin structure 
with the high electric field (10/ v/M) characteristi- 
cally present in living cell membrane presents the 
possibility of electron tunneling between the 
conductive regions. A lateral extension of membrane 
surface proteins or, in another hypothesis, the dipole 
moments of the polar head groups of the phospholipid 
molecules might be viewed as comprising the necessary 
"architecture" (again in microcircuitry terms) for a 
logic processing circuit. Of course, living systems 
may have evolved some sort of architecture more 
advanced than our current microcircuitry state-of-art. 
Indeed the Very Large Scale Integrated Circuitry (VLSI) 
developmental effort is currently searching for improved 
logic addressing and processing architectural concepts. 
Of one additional note - biological membrane would 
appear to possess a "double-sided" architecture - not 
at all used in current semiconductor technology. 


The spirit of this paper is not to argue 
necessarily that nature is behaving in this fashion, 
1.e., using on-off molecular "switches" to perform 
Standard Boolean operations. The computational aspects 
of biological systems are probably a great deal more | 
complex than that. For example, such computation pro- 
bably takes place in three dimensions in biological 
systems - uSing enzyme/substrate reactions as an 
example (termed by the biologist "recognition"). A 
comparison between two dimensional semiconductor logic 
and the biological membrane structure, however, can be 
made and it may provide some insight as to a possible 
"biological computer". 


The aspect of the dynamics of living systems must 
be introduced to provide the basic for the hypothetical 
necessity for "computation". Prigogine (I. Prigogine 
et al., 1977) and Frohlich (H. Frohlich, 1980) have 
developed hypotheses from the most fundamental point 
of view regarding the possible mechanisms that such 
systems utilize in creating order through the dissipa- 
tion of metabolic energy. Del Giudice (E. Del Giudice 
et al., 1982) proposes that the cyclical behavior 
characteristic of living systems involves two mechanisms 
the first being the aforementioned one followed by 
longer term storage of energy on biopolymers in the 
form of solitons as proposed by Davydov (Davydov, A. S., 
1980). An aspect of Frohlich's theory is that high 
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frequency phonon-like vibrations in the region of 1079 
- 1011 Hz are present in the membrane of living cells 
and other biological macromolecules. Microwave 
resonance effects at similar frequencies in living 
cellular systems have been reported (Devyatkov et al., 
1974, Grundler et al., 1983) and further implicate 
high frequency oscillations in biological processes. 
An attractive line of reasoning proceeeds from the 
presence of this high frequency oscillatory behavior 
in living systems. Its'possible use in a logic 
processing system with perhaps unique properties forms 
the basis of the ideas presented in this paper. 


Some additional thoughts regarding the state-of- 
art of logic processing technology are presented in 
Table I. Digital semiconductor (primarily silicon) 
logic is entering the sub-micron, minimum feature size. 
In contrast, a molecular or biological system might 
make molecular diameter (of the order of square Angstrom 
units) elements possible. Of great importance, in any 
such technology is the voltage excursion required across 
whatever the intrinsic, switching nonlinearity might 
be. In silicon this value is 600 millivolts. 

Cryogenic "Josephson" logic currently under development 
for computer application requires typically only 

3 millivolts to effect this transition - and this 
coupled with speed is its' primary advantage. 

Biologic logic based on room temperature electron 
tunneling (or even soliton transport) would have to 
require values of this order or less. Speed of response 
of all logic systems is related to the voltage excursion 
CV/i where C is the capacitance between output terminals 
and 1 is the current available to drive the change of 
state. Both Josephson and hypothetical biological 

logic would be extremely fast - in the 10712 sec (or 
picosecond) time domain. 


RELEVANT ASPECTS OF BIOLOGICAL MEMBRANE STRUCTURE AND 
CONCEPTUAL ARCHITECTURES OF A LOGIC PROCESSING SYSTEM 


The most ubiquitous constituent of the membrane 
Surrounding cells is a two dimensional matrix of 
phospholipid molecules arranged in a bilayer configura- 
tion. Its thickness is of the order of 50-80 Angstrom 
units. On the surface of, and embedded in, this bilayer 
are protein molecules of a wide variety of chemical 
composition and geometrical conformation. Proteins on 
the surface of the membrane are referred to as 
"peripheral" proteins. Embedded protein molecules 
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which can span the entire thickness of the bilayer are 
referred to as "integral" proteins. In most biological 
membrane systems there iS an asymmetric distribution 

of lipids in the two monolayers that comprise the 
bilayer. Each monolayer usually contains the same 
kinds of lipid molecules but different amounts of each. 
With regard to the structure of individual phospholipid 
molecules, they are composed of a phosphatidic "polar 
head group" - the hydrophilic segment of the molecule- 
and two nonpolar, hydrocarbon "acyl" chain groups - 

the hydrophobic portion. The latter give the membrane 
its' extraordinary insulating properties. 


The polar head group of these molecules may be 
either negatively charged or zwitterionic (dipolar) at 
physiological pH. Ina generiic sense "polar head 
group" refers to either of the two cases. It is also 
known that the acyl chains can exist in different 
isomeric states. 


Regarding the structure of the proteins associated 
with membrane, they too are amphipathic. They, however, 
can possess much higher (an order of magnitude) dipole 
moments than their lipid counterparts. In one hypo- 
thesis (Baumann, 1983) the amphipathic nature of 
membrane spanning proteins is thought to be utilized 
laterally, i.e., in the plane of the membrane, as a 
“controllable switch" to gate ion flow related to the 
metabolic energy transduction process. 


Related to potential fabrication of molecular 
devices, it is possible to fabricate a "fascimile" of 
at least the basic (core?) phospholipid structure of 
biological membrane using the "self-organizing" 
Character of such molecules by the BLM technique (Tien, 
1974). It then becomes possible to study bilayers that 
Structurally approximate biological membrane. This 
method currently seems limited to low frequency "ionic 
conductance mediated" measurement because of the water 
medium in which these films are grown. 


The concept of electron tunneling in biological 
Systems seems to have been experimentally verified 
in a number of instances. De Vault (De Vault and 
Chance, 1966) measured an unusual temperature inde- 
pendence (to T < 130° K) of the velocity of electron 
transfer from Cytochrome to the Chromatin reaction 
center. Such temperature independence suggests a 
tunneling mechanism. Lewis (Lewis, 1982) using BLM 
films of phosphatidyl choline has measured voltage - 
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current characteristics that he interprets as electron 
tunneling. Phosphatidyl choline or lechithin is a 
component of the membrane of living cells. Electron 
tunneling has also been reported in thin, ordered 
Langmuir-Blodgett films of polymerized vinyl stearate 
(Larkins, et al., 1983) although these measurements 
were made at cryogenic temperatures. The Langmuir- 
Blodgett technique is similar to the BLM technique in 
that both take advantage of the self-ordering nature 
of amphipathic molecules in or on the surface of water. 
All of these results seem to indicate that electron 
tunneling can occur along organic, carbon based 
molecules in structures approximating biological 
membrane. 


The concept of how a two dimension array of 
molecular tunnel elements might resemble logic processing 
plane is shown in Figure 1 in a schematic way that 
emphasizes the electrical nature of membrane. A basic 
Switching unit or electron tunnel "device" might be the 
Single, phosopholipid bilayer element composed of the 
two amphipathic molecules. (The chemical structure of 
One such representative molecule - phosphatidyl choline - 
1S superimposed). The area encompassed by such a device 
would be about 25 square Angstrom units and in excess 
of 109 of them would, in two dimensional array fashion, 
form the membrane of a typical living cell. The device 
and general membrane core structure appears in cross 
section, as indicated, to be similar to a conductor/ 
insulating barrier/conductor "sandwich" alluded to 
earlier. Biological membrane displays quite extra- 
ordinary electrical properties as pointed out by 
Frohlich (Frohlich, 1975). The nanometer dimension 
and very high electric field present conceptually 
Support the possibility of electron tunneling. 


As noted earlier and indicated in the figure, 
protein molecules span portions of both surfaces and 
in some locations pass entirely through the membrane 
layer. We have taken great latitude in drawing the 
Shape of the peripheral proteins but the point is: 
might the contact area and resultant shape of these 
proteins represent a lateral "architecture" electron- 
ically contacting groups of electron tunnel devices? 
Alternatively, large assembledges of groups of protein 
molecules may form a greater architecture. Some of 
the integral transmembrane proteins are undoubtedly 
involved in the Na-K ion "pumping" system that provides 
metabolically derived energy to "drive" the entire 
system. In an electrical sense such molecules might 
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Table I 
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Figure 2. Illustration of use of fast time domain to 
descriminate against noise. 
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appear as conductive "feedthroughs" and are even 
reported to possess a degree of spatial (hexagonal) 
order. 


Another possible concept that might lead to an 
architecture of sorts has been proposed (Bowen and 
Lewis, 1982) in which the dipole moments of the polar 
head groups of the phospholipid molecules - which can 
be oriented somewhat laterally toward the plane of the 
membrane - might form domain structures in that plane. 
These dipole moments can be quite large - in the 
vicinity of 20 Debye units. 


If biological membrane were behaving as a logic 
processing system it would, judging from the size of 
its structural elements and the speed characteristic 
of electron tunneling phenomenon, be operating in the 
high frequency, very fast time domain. A logic process- 
ing system operating in this region, specifically the 
picosecond (10712 second) domain, would possess 
unusual attributes that the living system would 
conceptually have found it necessary to evolve. It 
might be, for example, to a large degree immune to 
influences such as operation at elevated temperature 
and visible photon interaction effects which would 
interfere with a slower, lower frequency system. One 
of the authors (Huth) described (Locker and Huth, 
1966) an ionizing radiation detection circuit that may 
have provided a glimpse of this type of unusual 
behavior. The basic circuit described in that paper 
1S shown in Figure 2. In that circuit, a sub- 
nanosecond (less than 1079 second) ionizing radiation/ 
thermal electron transducer (a high speed "avalanche" 
type of amplifying solid state radiation detector) is 
Capacitively coupled to an equally fast, silicon or 
gallium arsenide tunnel diode element. The overall 
circuit then becomes a transducer from an initial 
picosecond (lo71lé2 second) event (the stopping, time or 
charge generation time for an ionizing interaction in 
a solid) to a standardized, 1-2 volt logic output in 
only two circuit elements. It then becomes in a sense 
the high speed analogue of the Geiger Mueller counter. 
The unusual behavior as noted in the 1966 paper and in 
subsequent measurements, was the ability to count events 
involving extremely small numbers of electrons (for 
example, a pulse of 80 electrons from a 242 ev carbon 
X-ray interaction) with the detector leg of the circuit 
at temperatures elevated above room temperature. 
Alternatively, such detection could be accomplished 
with flux of rather intense visible light incident on 
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the detector again creating a very high DC leakage 
current through the detector leg. It is of note that 
detection of ionizing radiation events of this small 
magnitude generally requires cryogenic cooling to 
reduce noise. In this circuit, not only was it true 
that cooling was not required, but the detector could 
be actually heated while maintaining detection of these 
extremely small events. 


Such behavior we believed to be explainable in 
that one form of noise (termed of the "parallel" type 
in nuclear electronics terminology) measured in this 
Nanosecond time constant possesses a "time integrat- 
able" property being reduced as time constant is 
shortened. What becomes important then in the fast 
time domain in which this circuit operates is the 
number of single noise electrons competing with the 
event to be detected in the short "detection logic" 
time of the system. Thermally induced current then 
begins to become bothersome when the number of 
electrons per detection-logic time become large enough 
to begin to statistically interfere with signal. An 
optimized system for nuclear ionizing radiation 
detection should ideally possess a time constant of 
approximately 10712 second if such could be accomplished. 
Such a system would make events corresponding to even 
the softest x-rays most unique in nature and detectible 
under a variety of outside influences. 


It should be noted that, in contrast to "parallel" 
noise which is reduced as a time window is shortened, 
another form of noise (termed "series" noise again in 
nuclear electronics parlance) exists which has the 
characteristic of increasing in magnitude as time 
constant is shortened. This type of noise generally 
dominates at our current technological state in the 
Sub-nanosecond time domain. It is physically occasioned, 
for example, by the finite conduction length of the base 
of a field-effect transistor. The general effect in the 
vicinity of any slower element in a logic-amplifying chain 
chain, therefore, is for events to "pile up" and thus 
increase in magnitude as measured in some slower time 
frame. A biological membrane may have overcome this 
problem with its' exquisitely close packed, high freque- 
ney optimized structure. 


236 G. C. HUTH ET AL. 


It is, of course, obvious that no matter to what 
degree the effect of noise events can be minimized by 
operating in the fast time domain the concept would 
seem to break down at the single electron level when 
a noise "event" becomes indistinguishable from a "Signal 
electron". The only solution to this in the biological 
concept might be that "preamplifying, Frohlich-type 
front-ends" would serve to amplify an input signal 
above the noise level (in much the same manner as the 
avalanche detector did in Figure 2). Another possibi- 
lity might be that some directional aspect may be 
operative in the electron tunneling process (such as in 
the photon/electron conversion process described in the 
next Section) to increase the information bearing content 
of this phenomenon. 


ROOM TEMPERATURE ELECTRON TUNNELING THROUGH BARRIERS 
AT HIGH FREQUENCIES IN SEMICONDUCTOR JUNCTIONS AND 
ITS POTENTIAL RELEVANCE TO BIOLOGIC LOGIC 


A fundamental question in considering the possi- 
bility of biological logic processing is: Can the 
information transferring entity - the electron in our 
hypothesis - be conceptually "isolated" or defined so 
as to be able to perform discrete device functions 
(detection, amplification, switching, memory). 
Concurrently it is required that such isolation be 
accomplished at the operating temperature of the system - 
in this case slightly above room temperature. 


Single electron definition or measurement at room 
temperature has been accomplished to this time in (to 
our knowledge) only one instance. This uses the unique 
combination of the high gain and low noise and fixed 
geometrical aspect of the photomultiplier tube. [In 
this device, the single electron leaving the photosurface 
is amplified by the very high gain of the device (107) 
with the result being a unique, identifiable output 
pulse which corresponds to the event. (Since the photon/ 
electron efficiency of the photosurface is far less than 
unity, however, it cannot be said that this corresponds 
to a single photon/electron conversion.) 
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In an analysis which projects the performance of 
inorganic semiconductor (Schottky type) nonlinear 
tunneling barrier diodes to high frequencies Tucker 
(Tucker and Millea, 1978) shows that such devices 
possess sufficient nonlinearity at room temperature so 
as to display quantum limited behavior at wavelengths 
from the visible extending into the infrared - they 
project to 25 microns. These projections we believe 
to have relevance in two areas relative to the possi- 
bility of biological logic. First they indicate that 
it is possible to attain sufficiently nonlinear 
behavior at room temperature to attain the quantum 
limited state - the "isolated" or defined electron 
discussed previously. Interestingly, high frequency 
1s required. Secondly, Tucker focuses on photon-elec- 
tron conversion which may have relevance to the microwave 
cellular interaction effects described earlier. In 
this regard, biological systems will require a greater 
degree of nonlinearity than displayed by semiconductor 
Schottky barriers. 


Schottky barriers possess exponential voltage- 
current characteristics: 


lack) = [,exp(SV) (1.) 


where the coefficient of nonlinearity S is expressed by: 
S=e/kT (2.) 


In high frequency applications (of the type we are 
interested in), heavy doping is required to produce a 
degenerate barrier sufficiently thin so that electron 
tunneling near the Fermi surface becomes the dominant 
current carrying mode. S becomes practically indepen- 
dent of temperature in this case and can be expressed 

y: 


S=e/kT* = 11600/T*(°K)V" (3.) 
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Equation (1l.) represents the forward characteristic 
of a Schottky barrier when ey 2 3kT/e. At room tempera- 
ture this results ing<4oy-!. The corresponding 
voltage-current characteristic is shown as (a): 


If the doping is made so high that thermally 
assisted tunneling or even pure tunneling occurs, 
the characteristic changes from (b.) to (c.) reflected 
in changes in the value of S. 


In normal semiconductor diodes the slope of the 
IV curve is governed by the energy bandgap, of the order 
of l eV. For a superconducting diode the "bandgap" is 
of the order of kTc which is of the order of a few 
millivolts. The nonlinearity thus is much sharper and 
one may arrive at values of S of 104 (which extends 
room temperature quantum limited response to longer 
wavelengths). 


Tucker derives an expression for the "current 
responsivity" of a tunneling barrier defined as the 
change in DC current per unit power absorbed as: 

ROM __ e tanh(hw/2kT*) (4.) 
i 


~ QkT* (Rw /2kT*) 


This reduces to the classical expression: 


Ro = aE (5.) 
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when the conductance varies slowly on the voltage 
scalefhW/e . At high frequencies, however, where 
conductance does vary rapidly the quantum current 
responsivity approaches the fundamental limiting value. 
Tunneling barriers then are energy detectors at low 
frequencies. At high frequencies, however, the quantum 
limit is reachedflW2 2kT* "where the net absorption of 
a Single photon provides sufficient energy to allow 
one additional electron to tunnel in the preferred 
direction" (a quote from Tucker). 

A coefficient of nonlinearity S of 40 V 1 (or 
20 v-l which can be obtained for a gallium arsenide 
diode because of a strong contribution from recombina- 
tion current) is sufficient to reach quantum limited 
responsivity to a wavelength of 10 microns. S values 
of 2000-4000 would be required to extend this behavior 
to the millimeter wavelength region. As noted above, 
Superconducting tunnel devices display S values of 
10,000. These values seem to set the bounds on what 
characteristics a biological "device" will have to 
display. 


CONCLUSIONS 


We have presented a certainly highly speculative 
argument as to how electron tunneling which has been 
reported in biological molecules might be utilized by 
living systems in some sort of organized, higher order, 
logic processing fashion perhaps somewhat as is under- 
stood in the current technology of semiconductor 
microcircuitry. If some sort of logic processing were 
operative, we propose that the switching entity may be 
the electron although a number of other groups are now 
speculating that the possibly experimentally verified 
concept of the "soliton" may accomplish the same 
function. Suffice it to say that whatever the 
entity turns out to be it must be of exceedingly low 
mass and require a minute amount of energy to perform 
the switching function. Regarding biological membranes 
and living cellular systems, the work of Frohlich in 
introducing high frequency and quantum electrodynamic 
theory to this area is certainly of fundamental 
importance. Experimental evidence of resonant micro- 
wave interactions with living cells further implicates 
high frequency in these processes. 
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The fundamental question as to whether or nota 
system for the transfer and processing of information 
need exist in living systems is indeed a crucial one. 
Some argue that the idea is not necessary at all and 
that genetic, chemical and the self-replicating nature 
of biopolymers will be sufficient to eventually explain 
biological action. We believe that perhaps effort at 
devising very clever experiments to measure the 
general presence of high speed electronic processes in 
living cellular systems may be the best near term 
approach to arriving at an answer to these questions. 


We might finally speculate that unless Frohlich 
is correct about high frequency oscillatory behavior 
being present in living biological systems, we will 
not arrive at the logic described in this paper and 
the "super-biological computer" envisioned and 
discussed of late by many. 
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Washington, D.C. 20375 


I. INTRODUCTION 


The scientific, technological, and humanitarian 
opportunities inherent in the strong interaction between 
molecular biology (and biochemistry) and the developing new 
field of molecular electronics are unusually abundant and 
stimulating. It is an object of this paper to discuss a 
sampling of these opportunities and to indicate their 
importance, which in some cases, are revolutionary in scope. 


The continuing success of the semiconducting industry in 
ever reducing the size of their switching components (i.e., 
transistors) suggests that in a few short decades such switching 
elements will be at the molecular size level [1]. Although A. 
Aviram and M. Ratner discussed a ‘''’molecular rectifier’’ in 1974 
[2], it wasn’t until 1979 that the concepts, prospects and 
problems of Molecular Electronic Devices (MEDs) were outlined 
[1a]. This has been followed by two MED workshops which were 
internationally attended [3]. The contribution of molecular 
biology and related fields to the conceptual development of 
molecular electronic devices has been rewarding, as this paper 
will show, and these contributions will undoubtedly continue to 
enrich the field. 


Areas of probable interaction between biotechnology and 
molecular electronics are listed in Table 1. While some of 
these topics like item 1 (Merrifield synthesis), item 4 (visual 
data processing), and item 5 (molecular lithography) will be the 
subject of individual sections below, others will be discussed 
less formally when the context is appropriate. Each of the 
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TABLE 1 


1. Application of Merrifield-Type (Modular) Synthesis to MED 
Fabrication. 


2. Learn from Molecular Biology Principles of —- 


A. Self-Organization C. Biological Switching 
B. Self-Synthesis D. Energy and Light Harvesting 


and apply to organic and inorganic synthesis. 


3. Biotechnical Synthesis of Chemical Subunits for later MED 
assembly. | 


4. Parallel Processing of Visual Data. 


5. The use of Designed Biological subunits for Molecular 
Lithography. 


6. Attachments of Monoclonal Antigen and Enzyme Fragments in a 
Hybrid Semiconductor-MED detector. 


7. Molecular Biology and MED Technology combined in Prosthetic 
Devices. 


8. Digital to Content Addressable Memories. 


9. Reliable Control Systems and Neural Models. 


topics of Table 1, however, represents a very promising 
synergistic technological and scientific opportunity. In my 
mind, however, the most important is the second item. 


If it is possible to learn the principles of self- 
organization and self-synthesis from the biological world and 
apply those principles to organic and inorganic chemistry then 
we will be opening a door on a new and powerful technology. Not 
only will our scientific knowledge be immeasurably enhanced but 
it would make possible a synthetic and microstructural 
fabrication technology capability of even greater importance 
than the successful development of an MED technology. In short 
it would permit the design and fabrication of materials whose 
optical, electrical, structural, etc., properties which can be 
varied over nanometer dimensions, While no further 
consideration of the synthetic aspects of second item will be 
made in this paper, it is the underlying assumption of a MED 
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technology that the challenge offered in this paragraph is at 
least partially met. 


The fabrication needs of molecular electronics are briefly 
outlined below in section II where the proposed synthesis of 
molecular wires of (SN)x are given as an example of a 
''modular’'’ approach (Table 1, item 1). A discussion of MED 
switching concepts follow: electron tunnel] switches are treated 
in section II] and conformational switching, especially soliton 
Switching, is discussed in section IV. The opportunities 
possible in the use of soliton valves and cellular automata are 
discussed in section V while section VI considers soliton 
generation in relationship to parallel processing of visual data 
(Table 1, item 4). Opportunities for resolution at the 
molecular size level in lithographic techniques and their 
relation to biotechnology is then considered in section VII. 
This area of molecular structuring is further treated in section 
VIII using ‘''organizing’’ molecules. Finally, section IX 
considers items 6 to 9 of Table 1 as other areas where 
Synergistic opportunities are certain to occur. 


TI, MED FABRICATION: A MERRIFIELD-TYPE ''MODULAR'' SYNTHETIC 
APPROACH 


EDs seemed technically feasible only after it was 
recognized by the author [la] that their preparation might be 
feasible using an approach based on the Merrifield synthesis of 
polypeptides. While other techniques of MED fabrication have 
been considered [4,5] only the ''modular'' or Merrifield type 
synthesis will be considered here. 


The ''modular’' preparation of a MED complex is projected 
as follows: On a very clean substrate, lithographic techniques 
are used to define different areas for the attachment of 
conducting molecular ''wires'' and for insulating layers. Then 
using the techniques of surface modification chemistry [1a] the 
first subunits of the molecular ''wire'’ are bonded covalently 
to the desired conducting areas of the substrate. Ina 
different series of chemical reactions the insulating areas are 
prepared and then reacted with the insulating monomer to form an 
initial layer. For both types of materials the substrate is 
added to by using reagents that add only a single subunit at a 
time, hence the designation ''modular'' chemistry. The 
preparation of conducting filaments of (SN)x might be achievable 
by alternately applying sulfur diimide ((CH,),SiN),S and then 
SC1, to the substrate [6]. This approach derives from the 
observation of J. Milliken that oligomers of (SN)x can be 
prepared from the diimide and sulfur dichloride [7]. The 
modular approach reacts each reagent separately with the 
reactive end of the filament thereby adding to the length of the 
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filament while preparing the filament end for the next reagent. By 
repeating the reagent addition sequence n times one increases the 
chain length of (SN) by exactly n(SN), units. By this technique the 
exact length of the (SN)x chain can be specified by the number of re- 
actions. Fig. 1 illustrates the production of molecular wire 
attached to a conducting silicon substrate. Similarly molecular 
wires of trans-polyacetylene (CH)x can presumably be formed by a 
series of two different ''modular’’ condensation reactions after the 
first unit has been covalently bonded to clean Pt metal by surface 
modification chemical techniques. 


Qnce the substrate had been covered with an initial set of mole- 
cular electrical connections and insulation then another series of 
reactions would be employed to add the memory and switching compo- 
nents. Thus, layer by layer different components would be added to 
different areas by a series of chemical reactions. Of course to make 
a three-dimensional functional architecture, the new added components 
must lie down on the growing substrate in the correct conformation 
and then be stitched into place to form a solid structure. The 
differentiation of the substrate surface implied in the above will 
be considered in section VII. 


Upon adding a chargable chromophore at the terminus of an 
-(SN)n-molecular wire bonded to a conducting silicon substrate one 
has a testible connection between the macroscopic and the molecular 
world. It is testible because in the presence of an electric field 
or in an electrochemical cell the chromophore could pick up a charge 
with an associated detectable change in its absorption spectra. At 
this point one has no obvious means of molecular addressability. 
However, addressability can be achieved by the insertion of switches. 
This aspect of MED technnology will be considered in the next three 
sections. 


III. MOLECULAR ANALOGUES OF NAND AND NOR GATES 


Electron tunnelling through a short series of periodic barriers 
has been proposed as the basis for molecular analogues to both semi- 
conductor NAND and NOR gates [1,8,9]. This possibility was based on 
the earlier theoretical treatment of electron tunnelling by 
Pschenichov [10]. He showed in a quasi-classical argument, that if 
the energy of an electron approaching a short periodic array of bar- 
riers matched exactly the energy of one of the resonant or pseudo- 
Stationary states, that the electron would penetrate the barriers 
with a perfect transmission coefficient (Fig. 2). In 1981 
Pschenichov’s argument was supported by an exact quantum mechanical 
treatment using potential step functions [9] and the switching model 
was confirmed recently numerically [11-13]. 


In Fig. 2a an electron is shown approaching a short array of 
periodic barriers from the left. If the energy of the electron 
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MODULAR PREPARATION of -(S-N=S=N)- 


A. B. 
Si-S-Cl_ + (CH,)Si-N=S=N-Si(CH,) ————> Si-S -N=S=N-Si(CH,), 
I 
silicon + CISi(CH,), 
SCl, 
D C. 
a. I 
n 
b. SClo P 
Si-S-N S-+N scl : Si-S-N=S=N-S-Cl 
SNe tea Sh | | 
-2n CISi(CH,). 


+ CISi(CH,) 
J 


Fig. 1 In this proposed synthesis the length of molecular wires 
of (SN) | can be controlled exactly, in this case, to ntl 
(SN), units. 


TUNNELLING PERIODIC BARRIERS 


\,! | 
4 t 
, | 
i ae 
ENERGY ——. 


Fig. 2 Resonant tunnelling via E, pseudo-stationary energy 
levels is indicated in (2) and (c). The transmission 
Q(E) decline as the electron energy deviates from E. is 
schematically indicated in (b). 
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matches the pseudo-stationary state energy levels (dotted lines 
between the barriers in Fig. 2a and E, and E, in Fig. 2b) then trans- 
mission coefficient Q goes sharply to 1.0 (perfect transmission) as 
in schematic diagram of Fig. 2b. Excellent transmission can also be 
obtained in the case of Fig. 2c if the potential drop, from one well 
to the next, matches the resonant level energy differences [13]. 


The molecular analogue of the semiconducting NOR gate (Fig. 3b) 
is shown (Fig. 3a) as a fluorine-bridged gallium compound similar to 
that reported for phthalocyanine by Kuznesof, Wynne, Nohr, and Kenney 
[14]. The potential wells are defined by the positive charges of the 
nearby quaternary nitrogens while the barriers correspond to the 
fluorine bridges. These quaternary nitrogens are considered to be 
Control Groups (CGs) most of which are permanently fixed and 
considered to be dummy Control Groups. These CGs are mounted on 
rings as in Fig. 3c with either —-(SN)x- leads (Control Groups) or 
with -CH,SO,- groups (dummy Control Groups). 


The D rings (Fig. 3d), nickel phthalocyanine moieties, provide 
links to both the ground and the negative potential through Ni-S 
bonds (Fig. 3a); as well as to the —(SN)n- Output lead. These term-— 
inating rings also serve to provide a suitable environment for the 
stacked bridged phthalocyanine rings. Control through the Input 
-(SN)n- leads A or B occurs via an electron flow down the -—(SN)n—- 
chain to neutralize the quaternary imino nitrogen. The neutralization 
of either nitrogen would change the potential of that ring sufficient- 
ly to sharply cut off the electron tunnelling through the rings. 


Although the variety of possible control groups is large and has 
been noted elsewhere [1b] it will be useful to illustrate with the 
example of Fig. 4. Here we see the Control Group ring has two 
cyanine-dye like CGs, the one on the right with the quaternary 
nitrogen charge localized on the cyanine dye nitrogen furthest from 
the ring. In the context of a tunnel switch as in Fig. 3a this would 
turn the electron tunnelling off, where as the left CG of Fig. 4 is 
in the '’on'’ position. Note that by having the different lengths of 
conjugation for the left and right CGs the two CGs could be switched 
by photons of different wavelengths. Accordingly, the incorporation 
of the ring of Fig. 4 with a system like that of Fig. 3a provides one 
with a photoactivated NOR gate. In the next section we will indicate 
an approach to the control of charge location in cyanine dye type 
Control Groups via soliton propagation. Counter anionic charges for 
the ring system might be built into the R groups. 


The obvious chemical complexity of the structures indicated in 
Figs. 3 and 4 are but a small measure of the overall synthetic 
challenge inherent in the production of MEDs. One future solution to 
this synthetic problem may be that suggested by K.M. Ulmer [5,15, see 
also Ref. 16] of using a biotechnical preparation of chemical sub- 
units for later MED assembly (Item 3, Table 1). While even self- 
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Fig. 3 A molecular analogue of a NOR gate (b) based on a 
stacked fluorine bridged ring system, 


Fig. 4 Cyanine-dye like Control Groups on a ring of an electron 
tunnel switch. 
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assembling components have been discussed it should be remembered 
that currently recombinant DNA synthetic techniques are only 
applicable to the preparation of proteins. That is, the DNA coding 
necessary to prepare even a heme group is unknown. 


TV. CONFORMATIONAL AND SOLITON SWITCHING 


At the heart of molecular electronics is the dual concept 
of conformational change and charge localization and control. 
In tke following three sections this point will be stressed and 
we will demonstrate opportunities for using conformational 
changes (i.e. changes in structural bond lengths and angles) in 
both the neutral and charged states in MEDs. Per usual nature 
points the way in providing us with an excellent example of a 
conformational switch in the photoactivated conversion of cis- 
retinal to all trans-retinal in the visual system (see Fig. 5). 
Of particular interest for possible MED application is: 1) The 
very large conformation change about the 11-12 retinal double 
bond as indicated in Fig. 5. As suggested earlier [la], this 
rotational effect could be used to switch on or off the energy 
transferred between two excimers (or exciplexes). 2) The charge 
separation occurring at the double boned upon photoexcitation 
constitutes an additional important observable phenomenon. This 
effect has been discussed by L. Salem as the ''sudden 
polarization'’ effect [17] and was postulated in 1970 by W.G. 
Dauben [18] in order to explain his photocyclization products. 
3) As will be discussed later in this section Fig. 5 also 
provides a mechanism for generating a single charged soliton. A 
more recent model of the role of proteins in the visual pigments 
has been given by B. Honig and his associates [19]. 


Qne of the most interesting and versatile conformational 
Switching mechanisms appears to be that associated with soliton 
propagation in a conjugated system (i.e. a system of alternating 
Single and double bonds). Such solitons of special interest 
here have been discussed in considerable detail previously in 
this conference by Su [20] and Barrett [21] while Scott [22], 
Bishop [23], and McLaughlin [24] have treated other varieties of 
solitons. For our purposes we note simply that the soliton is a 
nonlinear disturbance which behaves like a pseudoparticle and 
travels subsonically in a dispersive medium but without being 
dispersed. The soliton of special concern here is primarily an 
excited electronic state associated with zero, one, or two 
electrons occupying a p-n orbital in a conjugated system with 
the associated soliton charge of +, 0, or — and of spin 0, +1/2, 
0 respectively. In terms of conformational changes it is 
important to remember that soliton propagation effectively 
interchanges the single and double bonds in its path. 


Prior illustrations of a soliton switch involved imbedding 
an organic chromophore in a trans-polyacetylene chain such that 
they shared bond conjugation [8]. However, such a switch can be 
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Fig. 5 The photoactivated conformational conversion of 11 
cis-retinal to all trans retinal is associated with 
extensive charge separation strongly assisted by the 
quaternary imino-nitrogen (see Salem, Ref. 17). 


SIMPLE SOLITON SWITCH 
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Fig. 6 In this switch the eight arrows indicate the allowed, of 
‘fifteen possible, paths. Only the fourth configuration 
permits paths ac and bd in which the solitons do not 
change direction, 
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Chain 1 | 


Chain 2 


HOS A HO : 


S 24 S+ 


Fig. 7 In this configuration the second sulfur chromophore can 
be photoactivated but not the first. This soliton gang 
switch can be readily extended to three trans polyacety— 
lene chains and eight chromophores. 


schematically illustrated, Fig. 6, as four communicating lengths 

of trans-polyacetylene. Of the fifteen conceivable ways of 

sending a soliton from one end to another end (length) of trans- 
polyacetylene, seven are prevented by the tetravalency of carbon. 
The eight allowed soliton paths are indicated in Fig. 6 where a 
soliton path ab = ba. As a pseudoparticle a soliton'’s momentum is 

a constant of motion; this suggests that the primary paths of 
interest should be represented in Fig. 6 by the direction ac and bd. 
Only the fourth configuration in Fig. 6 permits botk ac and bd 
soliton propagation paths. However, a soliton path bd changes the 
configuration to 3 which does not permit an ac soliton path. Hence 
the bd propagation switches off the ac possibility until a second bd 
soliton restores the switch to configuration 4, A soliton path, like 
ac in 3 of Fig. 6, is recognized as being switched off when the 
conjugation is broken as by two or more successive single bonds. 


Fig. 7 illustrates the incorporation of two different chromo- 
phores across two trans-polyacetylene chains. While the second 
chromophore is subjected to photoactivation, as shown, the first 
chromophore to the right has been switched off by chain 1. A sol- 
iton propagating through chain 1 will switch on the first chromo- 
phore and switch off the second chromophore; while a soliton in 
chain two will switch off both chromophores. This concept is 
readily extended to three chains and eight chromophores with an asso- 
ciated demultiplexing table [8]. By keeping chromophores ~2008 apart 
to prevent crosstalk and assuming average packing separations of 50 
and 1008 in the other directions the packing densities for such gang 
Switches is estimated to be 102° gates/cc. 
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TABLE 2 


NONLINEAR BONDING EFFECTS IN SOLITON 
PROPAGATION AND GENERATION 


Ref. 
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Soliton propagation in a dispersive medium is necessarily a non- 
linear effect as shown by Scott, Chu, and McLaughlin [22]. In 
conjugated systems the non-linearity arises during the conversion of 
the double bond energy to the single bond in the wave front and the 
absorption of that energy in the reverse process in the wave tail. 
Non-linear bonding effects in several postulated soliton phenomena 
are summarized in Table 2. In each case it will be noted that bond 
orcers are dramatically rearranged (e.g., for the double bond to 
single bond the bond order goes from 2 to 1, etc.). 


The first item in Table 2 shows the bond rearrangement for 
simple soliton propagation in a skort section of trans-polyacetylene. 
The tetravalency of carbon produces a relationship between direction 
of soliton motion, the slope of the Gouble bonds and whether its an 
UP or DOWN soliton [25]. An UP soliton has its center on the upper 
carbons of the (CH)x chain, a DOWN scliton has its center in the 
lower carbons. As the soliton moves this UPNESS or DOWNness is maiz-— 
tained because the center of ‘''kink'’ of a moving soliton advances 
along the chain by two cartons rather than one, Item 2 of Table 2 
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Suggests a soliton can propagate past a carbon sp? defect if the 1,2 
shift transfer rate is sufficiently enhanced by the approaching 
soliton [25]. Note propagation of a soliton past this defect changes 
it from an UP soliton to a DOWN soliton. However, a soliton passing 
an adjacent pair of sp* carbons (item 3) remains an UP soliton. For 
the soliton mechanical actuator [26] in item 4 of Table 2 the non- 
linearity of N-R bonds is indicated by the changes in bond order of 1 
to 0. In this actuator device the motion of the R atom by a few tens 
of an Angstrom drags with it the A and B groups by a similar amount. 
This mechanical motion is probably sufficient to switch on or off 
many biological reactions or processes (unspecified). Items 5 and 6 
indicate the rearrangement of the hydrogen bond order in the genera— 
tion of soliton pairs in an electric field by proton and hydride ion 
transfer respectively [8]. Another example of these processes of 
soliton generation will be given in Section VI. 


The final effect to be discussed in this section, cooperative 
particle transfer, while not strictly a soliton phenomena is obviously 
related to the nonlinearity bonding effect of Table 2 via hydrogen 
bond changes and to the electric field generation of solitons via 
proton, etc., tunnelling. In cooperative particle transfer [1b] by 
the collective action of several functional moieties, a small particle 
is ''absorbed’’ at one site and a second particle is released some 
distance away, 50A or greater. 


The plausibility of such an effect is suggested by the obser- 
vation [27] that 7-azaindole exists as a hydrogen bonded dimer in 
moderately dilute solutions in hexane and when excited at X = 260 um 
apparently undergoes a double proton transfer as indicated below: 


@a (CY 
*N7~N N-N 
a A. hv H 
| )—_—_ 
“yy H 
| 
y—-N N* 


Streak camera studies [28] of the fluorescence spectra of the 
excited states (*) on the right (a) indicate that the double proton 
transfer takes place in less than five picoseconds. 
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Cooperative particle transfer can be illustrated as an extension 
of the double proton transfer via the use of a special oligomer. In 
Fig. 8 we wish to transfer a hydrogen atom (proton) from area A at 
the botton to area B at the top. This is achieved upon photo- 
absorption by the hydrogen transfer of the HA hydrogen to the nitro- 
gen in 4-azaindole (I) at the bottom while hydrogens are cooperatively 
transferred by the intervening tetra-azaindacene derivatives (II) to 
the moieties above. As the top 4-azaindole moiety receives a hydrogen 
from the moiety below it can give up its amine hydrogen, HB in the 
J-member ring to a proton receiver in area B at the top. There are 
several points to note in this example: (1) The 4 azaindoles on 
the right side of the equation are both in an excited state (indicated 
by *) and normally would decay rapidly. (2) The tetraazaindacene 
moieties (II) on both sides of Fig. 8 are in a ground state in the 
absence of an electric field, i.e., the proton transfer agent is 
bimodal with respect to hydrogen coordinate. (3) Note also that the + 
Charge in each II moiety, which is balanced by the anion A- attached 
to the chain, has shifted by a distance d parallel to the net proton 
transfer direction. The net charge motion per E is then d* times the 
number of II moieties. This suggests that the entire process could 
be controlled by the presence and strength of an electric field as 
well as by the photon energy. (4) Ey proper choice of molecules it 
is possible to both make the end members I and the intervening H 
transfer molecules II very nearly bimodal and free of major charge 
transfer; for example consider the three member ring system below in 
two tautomeric states having a similar valence resonance form. 


i 
, —— H motion | 2 | 
H 


(5) Finally, we note that this system (Fig. 8) transfers one H atom 
that must be restored before it can transfer an H atom again, i.e., 
there is no net material flow. 


There are of course several interesting theoretical questions, 
e.g., (a) in this cooperative particle transfer are all the H atoms 
transferred simultaneously; or (b) how many members are necessary 
before the particles are not transferred simultaneously; and (c) in 
the later case is the particle transfer very similar to a soliton 
but in an electric or photoelectric field? The answers to these 
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Fig. 8 In this proposed photostimulated cooperative mechanisn, 
a hydrogen is transferred from area A to area B via a 
series of intermediate transfers which are primarily 
energy independent. However, note that the end members 
4-azaindoles are left in an excited state (*), 


questions may of course have relevance to the proton pumps found in 
biological systems (see Ref. 29). 


V. SOLITON VALVES AS ELEMENTARY AUTOMATA 


Soliton induced conformational changes in small assemblies 
of soliton valves can also perform as small discrete 
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ELEMENTARY SOLITON AUTOMATA 


3 states 2. 4 


Fig. 9 The valve of Fig. 9a is used in various cyclic configur- 
ations, Fig. 9b-c, to obtain different number of states 
via soliton propagation down their three semi-infinite 
(CH) chains. Strain can be relieved in these configur- 
ations if the number of bonds between valves is kept 
even or odd. 


computational systems or automata. A soliton valve may be 
formed by joining three semi-infinite trans-polyacetylene chains 
at a single carbon atom [8]. Such a valve is illustrated in 
Fig. 9a. The position of the double bond on chain 1, is 
relocated by the passage of the soliton, 12, to chain 2. In 
this regard the passage of a soliton is like a group operation 
with the group corresponding to the three-fold rotation group. 
Note that in Fig. 9a, while 12 and 13 are allowed, 23 is not 
because of two adjacent single bonds, hence the soliton valve is 
related but not isomorphous with the ordinary three-way valve. 


Configuration of valves as in Fig. 9b-e are of interest in 
that a different number of states are available in each 
configuration via soliton propagation. Just as the valve Fig. 
9a has three states, a cyclic configuration of three valves with 
an odd number of bonds between, Fig. 9b, has four states 
(enumerated in Ref. 4) and forms a soliton propagation group 
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isomorphous with the d, point group. The bicyclic configurations 
of Fig. 9c are listed in Ref. 30 and the 10 different states of 
Fig. 9e are indicated in Ref. 31 (WMED2). 


The configuration of valves of Fig. 9 can be considered as 
very elementary cellular automata (see Ref. 32 for a review article) 
which are capable of having a number of different states (i.e., 
3,4,5,7 and 10) interrelated by soliton propagation. Such valve 
configuration not only suggests the possibility of computing in 
other than the binary basis, but also the possibility of using 
soliton propagation to do sophisticated group operations in a very 
straightforward fashion. It is noted in addition that M. Groves in 
following a more traditional approach has illustrated how the 
elements a and b of Fig. 9 can be used to generate OR and AND gates, 
and inverters as well as fanout memories (33, WMED2). 


VI. SOLITON GENERATION AND VISUAL DATA PARALLEL PROCESSING 


It is the two-fold intent of this section to 1) propose a 
method for testing the generation of soliton pairs by proton 
tunnelling and 2) then to suggest that this method might be 
generalized to obtain a color sensitive electro-optical MED 
camera. This latter idea is then extended to a visual data 
processor paralleling the data reduction that takes place in the 
optic nerve. 


It was suggested earlier by the author that charged soliton 
pairs may be generated in an electric field by proton and hydride 
ion tunnelling [8]. An elaborated version of this method 
involving proton tunnelling and suitable for testing is offered 
in Fig. 10. When the electric field E is sufficiently strong the 
phenol hydrogen will tunnel as a proton to the pyridyl nitrogen 
(Fig. 10a), generating a charged pair of incipient solitons (Fig. 
10b) which will propagate through the polyacetylene chains to the 
chromophores terminating each chain (Fig. 10c). If a Langmuir- 
Blodgett film can be made of long chain molecules as indicated in 
Fig. 11 then proton tunnelling could be readily studied as a 
function of electric field and incident photon energy by observing 
either a change in capacitance of the film or a change in the 
light absorption of the terminating chromophores [31]. Clearly 
in the presence of a varying electric field such a film could be 
used as a color sensitive optical detector by noting the 
Capacitance as function of field. 


In part soliton generation can be seen as the inverse 
process of a soliton meeting an sp? defect as discussed in Ref. 
25 (Table 2, items 2-3). As the hydrogen bonded proton starts 
tunnelling to the pyridyl nitrogen the effective soliton masses 
are high and their lengths in the aromatic rings are short 
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PROTON TUNNELING AND SOLITON GENERATION 


Fig. 10 In the presence of an electric field E proton tunnel- 
ling would give rise to the generation of a soliton 
pair, Fig. 10b, which would propagate to the terminal 
chromophores. For the trans polyacetylene chains we 
assume m~ n > 6. 


(Fig. 10b), however as they enter the trans—(CH)x chains they 
become more typical solitons until they arrive at the 
chromophores. 


The testing scheme of Fig. 11 can be made position 
sensitive by either reticulating the conducting capacitor films 
into small individual elements or by not terminating all the 
polyacetylene chains with chromophores but letting some of them 
penetrate the conducting films to computing units or automata as 
mentioned in the previous section. We note that if one is able 
to synthesize an MED as by the modular method of section II then 
one should be capable of simultaneously synthesizing two and then 
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SOLITON GENERATION TEST 


hv hiv hv 


Transparent 


Conducting Film 


Fig. 11 Proton generation of charged solitons can be tested by 
observing Capacitance changes as a function of field 
and photon energy in the sandwich film arrangement 
indicated here, 


three-dimensional arrays of processing automata with localized 
memory capacity. 


Such a 3-d array of automata attached to col'or sensitive 
optical detector is then indicated in Fig. 12 and in a naive way 
has a strong parallel to the retina and the optic nerve. We 
note that moving in the dimension away from the optical detector 
the data analyses becomes increasingly sophisticated. Using 
parallel processing data analysis could be extremely fast even 
using solitons as the data transport signal. The amazing speed 
with which athletes interpret visual data confirms this even 
though neural signal speeds are subsonic. 


VII. LITHOGRAPHY AT THE MOLECULAR LEVEL 


The increasing need of the semiconducting industry for 
improved lithography at the nanometer scale, as well as even 
more severe requirements for the production of future MED 
devices, suggests that a new approach to lithography is 
required. Such a requirement provides another synergistic 
biotechnical opportunity. This opportunity would arise from the 
development of a technology in which structures are built up 
from the molecular level in contrast to the current lithographic 
process of scaling down. For example, it has been suggested 
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Fig. 12 A three dimensional array of parallel processors could 
be linked to individual pixcels to provide a rapid 
interpretation of visual data. 
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earlier [26] that superstructures might be formed on silicon or 
GaAs by using a large flat molecule B, that can be deposited 
expitaxially as in Fig. 13a. If these B molecules are designed 
so that their intermolecular forces enable them to form a non- 
area filling monolayers as in Fig. 13b, then a regular pattern 
of voids, A, can be formed. These areas, A, can be filled in 
via a number of techniques such as electrochemical transport, 
cytochemical staining, sputtering, or vapor deposition. 
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MOLECULAR EPITAXIAL SUPERSTRUCTURING 


Form 8B 


ee ie 


monolayer. 


(100) silicon 


1. Add As. 


2. Remove Bs. 


structure possible 


Fig. 13 Epitaxial deposition of large B molecules on Single 
crystals can result in lithography at the molecular 
level if the B molecules are designed to form the 
correct pattern, The pattern indicated in Fig. 3c 
is obtained by filling in the pattern holes of Fig. 3b 
and then removing the B epitaxial layer. 


Thereafter the B molecules can be removed, for example, by 
photolytically decomposing them as suggested in Fig. 14. This, 


then, leaves the superstructure of filled A sites as is 
indicated in Fig. 13c. 


If protein B molecules were suitable then presumably they 
could be bioengineered using recombinant DNA techniques as 
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MOLECULAR LITHOGRAPHIC 
DETAILS 


vd Photolyzable 


Bonds 


Fig. 14 Using recombinant DNA techniques the large B molecule 
could be designed to interlock at the edges and be 
readily broken down for easy removal after A group 
deposition, 


recently described by Ulmer [5,15] to have strong B-B edge 
interactions and photolysable bonds. As if to substantiate the 
above possibility more recently Ulmer [16] has discussed self- 
organizing protein monolayers. Ulmer paid particular attention 
to the influenza virus neuraminidase which forms a two 
dimensional monolayer (see Fig. 15) very much as suggested in 
Fig. 13. Structural data indicates that the box-shaped head 


264 F.L. CARTER 


i? > o-0-O-4->-44 

00900 COe000e¢ 
| 92 
eo" 


> : 
+ 
i. 
* 
> 
* 
* 4 
+o 
o 


Yo 
oD 


99 090000000000 


~o¢ev + ¢+eoo 
'o< $44 > 
C eo ! . 


3020660608 
1SoIe 
2oo000 
eoeoe 
ooo 


o> 


Ie OO 
2 PSO0; 
seuss 


6000004 
$50tc5eee 


Fig. 15 This two dimensional square array of neuraminidase heads 
on 100 A centers is strikingly similar to Fig. 13b. The 
electron micrograph was kindly supplied by D.C. Wiley, 
Biochemistry, Harvard and N, Wrigley and E, Brown, Nat. 
Inst. of Med. Research, Millhill, London, 


100 x 100 x 60A, is a tetramer not unlike the B molecules of 
Fig. 14 [34]. 


Contrarywise the development of tight expitaxial coatings 
for semiconductor products could have applications in prosthetic 
implants as substrates for compatible biological coatings. 


VIII. ORGANIZING MOLECULES IN L-B FILMS 


In this section we wish to emphasize how the concepts from 
two different fields can combine to contribute to a third 
technology. In particular we combine a biological approach to 
understanding ion conductance through lipoid bilayers [35] with 
materials developed to study energy and electron transport 
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MOLECULAR SWITCHING IN MEMBRANES 


Fig. 16 To explain ionic conduction through lipoid bilayers 
Baumann et al. [35] suggested that rod shaped protein 
molecules with one side hydrophilic and the other 
hydrophobic as in Fig. 16a, are drawn into bilayers in 
the presence of an electric field to form a hydrophilic 
channel (Fig. 16b). 


through Langmuir-Blodgett (L-B) films [36]. What we obtain is a 
technique which might be useful for developing two-dimension 
Structure in L-E and other films. Such films have potential 
application in MED, semiconductor and medical technology. 
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ORGANIZING MOLECULES FOR L-B FILMS 


Fig. 17 Combining the ideas of Kuhn and Baumann, the author 
proposes that a series of molecules can be prepared 
that uses weak van der Waals and dipole forces to 
Organize L-E films, The stylized top view of Fig. 17a 
is used ir the next two figures, 


In order to explain voltage dependent ion current Switching 
in lipoid bilayers, Baumann, Easton, Quint, and Johnson, have 
suggested that biphilic protein rods cluster in membranes to 
form hydrophilic channels [35]. Such a protein rod is indicated 
in Fig. 16a on the aqueous surface. However, in the presence of 
an electric field such rods enter the membranes to form channels 
by the clustering of 3-5 rods. 
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Fig. 18 The use of ''’organizing''’ molecules and composition 
variations should lead to 2-d periodic structures of 
different cell sizes. If the unit cell length in Fig. 
18a is L then for Fig. 18b it is 3 L. 


In order to stabilize the presence of electron acceptors 
and cyanine dye molecules in L-E films EB. Kuhn [36] has attached 
two long chain aliphatic groups to each functional molecule. By 
combining these ideas, molecules suitable for organizing L-P 
films are possible as suggested in Fig. 17. The side view in 
Fig. 17b shows n+2 cyanine dye molecules linked by ether 
bridges. Of particular interest note that the terminal members 
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Fig. 19 By changing the organizing molecule in addition to 
compositional variations the unit cell size might be 
doubled as indicated here for a square lattice. 


contain the biphilic rods discussed by Baumann et al. [35]. 
These rods then permit the organization of L-B films by 
clustering as in Fig. 18. Three points are of interest: 1) 
Fig. 18 indicates the presence of a hydrophilic soluble complex. 
Such a complex might be composed of several small molecules that 
might later be dissolved out to form a skeletonized L-B film 
with periodic pattern of holes. 2) Such a film placed on a 
substrate may provide a regular array of ion conducting paths for 
a variety of lithographic and other purposes. 3) As indicated 
by comparing Figs. 18a and 18b it is clear that the effective 
cell size can be varied by the film composition. The unit cell 
edge in Fig. 18b is 3 times that in Fig. 18a. 


Fig. 19 illustrates another technique for obtaining a new 
and larger cell size. This is possible by employing longer 
organizing molecules (that is, n > 0). Such a periodicity 
change provides the chemists with an equivalent to fractal 
relationships (pattern repeats at a different scale) obtained in 
cellular automata [30, 32]. 


Finally, we note that stabilized (i.e. polymerized) pinhole- 
free L-B films may play, soon, an important role in the fabrication 
of Josephson junctions and metal-insulator semiconductor field-— 
effect transistors (MISFET). It seems certain that stabilized 
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films with periodic features as in Figs. 18 and 19 will play 
important roles in biological and medical devices as well. 


IX. LOOKING AHEAD 


In this final section we would like to take note of the 
last four items (6-9) of Table 1 listing possible synergistic 
MED-biotechnical opportunities. 


A hybrid MED-semiconductor detector (item 6, Table 1) based 
on the field effect transistor (FET) may be the first MED device 
to be realized. In the FET electrons tunnelling from the source 
to the drain in a small volume of silicon near to the silicon- 
oxide metal gate is controlled by the gate potential (for a 
review of CHEMFETs, see Ref. 37). By replacing the oxide layer 
and metal gate with thin, perhaps monomolecular, layer of . 
‘'molecular’'’ MED active elements, the potential in the silicon 
can be controlled and hence the electron tunnelling as well. 

For example, by using a molecular layer of chromophores, a MED 
photodetector has been proposed that makes use of the changing 
dipole field [38]. In such devices (hybrid FETs) it would be 
very important to 1) stabilize the MED-Si interface against 
Oxidative attack, and 2) to place the MED component as near to 
the Si surface as possible. Since the GaAs surface is less 
oxygen sensitive and has high electron mobility, GaAs may be the 
semiconducting component of the future. Currently, variations 
of FET detectors are being investigated in which monoclonal 
antigen and enzyme fragments are bonded to the gate surface area 
[37]. While initially such devices are sensitive to biological 
reactions their long term stability is currently rather poor. 


Another important opportunity is that provided by combining 
MED and biotechnology in prosthetic devices (item 7, Table 1). 
These might range from control microprocessors for artificial 
limbs to ultimately, artifical sensors with visual and aural 
functions. As a particular example, consider the uses for a 
’'chemical factory on a chip’’ that might be small enough to be 
implanted in the blood stream [39]. For diabetics, as an 
example, one side of the chip might incorporate sensors for 
blood sugar, ph, etc., whatever is needed for analysis of 
current state of being. The other side might contain a 
biochemical factory for the production of human insulin, which 
factory could be controlled by a microprocessor upon analysis of 
the input data. While each such device need be individually 
tailored for immunological reasons, the humanitarian and social 
impact of such a technology is enormous. 


From the work of J.J. Hopfield [40] it appears likely that 
content addressable memory (CAM) systems (item 8, Table 1) may 
be obtained from the study of neural Systems, Practical CAM 
Systems have important implications, not only in terms of the 
indexing of archival memories, but also in terms of error coding, 
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a topic of certain interest in MED technology. Let us speak of 
memory bits of information per memory units (MU), where memory 
units can be readily identified as discrete gates, etc., in 
digital systems but it is not clear what constitutes a memory 
unit in the human nervous system. For example, data might be 
stored on a simple tape system in terms of 8 bits of information 
plus one parity bit in 9 MU on the tape. A single error in the 
eight data bits can be detected by summing them and comparing 
their evenness or oddness with the parity bit. For larger data 
words, that is 28 bits in 32 MU, Hamming coding can be used to 
correct a single error and detect double errors. At the far end 
of this scale is associative or CAM systems like the human 
nervous system where 100 bits might be stored in thousands of 
MUs. Using a simple synaptic model Hopfield [40] has developed 
a memory system (CAM) where very partial information permits 
full data recovery by a reiterative process. Pictorially the 
partial data locates one on the sides of a valley and the 
interaction leads one to the low point of the valley and full 
data recovery. It seems likely that all of the models, parity 
bit, Hamming coding, and CAM, are part of a to be generalized 
mathematical formula as a function of information bit/memory 
unit. It is also clear that MED devices will be somewhere on 
the scale between Hamming coding and the CAM model of Hopfield. 


In a similar vein and as a final example (item 9, Table 1) 
of a biotechnical opportunity, we want to emphasize the point 
recently made by P.E. Rapp [41] that the study of the human 
nervous system is appropriate both for those interacted in 
hierarchical control of parallel processors and those interested 
in the reliability of high density devices; these are in 
addition to its humanitarian values. To stress the first point 
we note that modern aircraft currently contain as many as 50 
interlinked control microprocessors and that future aircraft 
will contain as many as 250 [42]. Similarly, for the safety of 
all those who fly, overall system reliability must be retained 
even as individual components becomes smaller, more dense, and 
more certain to be individually unreliable. 


X. CONCLUSION 


The few examples pointed to here are but a small sampling 
of those available. Even so it is evident that the 
interdisciplinary and coherent development of molecular 
electronics and biotechnology provide rewards and challenges, 
Scientific, technologic, and humanitarian, sufficient to be of 
national concern. 
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NONLINEAR ELECTRODYNAMICS IN CELLULAR 
ELECTROCHEMISTRY 


RADIOFREQUENCY RADIATION AND CHEMICAL REACTION DYNAMICS 


Richard A. Albanese and Earl L. Bell 
USAF School of Aerospace Medicine 


Brooks AFB, San Antonio, Texas, 78235, USA 


The goal of our research isS to understand the effects of 
modulated radiofrequency radiation on chemical reaction dynamics. 
Our work is motivated by reports of effects of modulated radio- 
frequency radiation on electroencephalogram activity (Takashima 
et al., 1979; Bawin et al., 1973; Servantie et al., 1975) and by 
reports addressing tissue calcium handling (Adey, 1979; Luben 
et al., 1982). We have specifically attempted to find the sim- 
plest chemical system that might demonstrate field modulation 
effects and non-monotone responses to increasing field amplitudes. 


We have studied an enzyme catalyzed irreversible chemical 
reaction occurring in a volume V. The reaction is designated XC 
and occurs with rate k(T) given by the enzyme temperature - ac- 
tivity curve. 


KA exP (-p/t) Eq. 1 


k(T) =§§ -——--_--—————————______ 
1 + (k1/ko)expl-(y1-W2)/T] 


In the above equation the following definitions apply: 


K = the stoichiometric coefficient for the reaction X*C as 
catalyzed by the active form of the enzyme. 


Ag = the total concentration of enzyme available, including 
active and denatured forms. 


K; = the stoichiometric coefficient for the reaction, active 
enzyme + denatured (inactive) enzyme. 
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Ko = the stoichiometric coefficient for the reaction, inac- 
tive enzyme > active enzyme. 


yw = activation energy in degrees Kelvin for the reaction XC 
¥, = activation energy corresponding to «yj. 
¥> = activation energy corresponding to «po. 


T = temperature in degrees Kelvin. 


This equation is derived in the appendix. 


For analytical and numerical work we have found it best to 
write equation 1 as: 


ys _ _ Eq.2 
CD « K ax [L8/(8-w)Jexpl-p(1/T Tax) ) q 


1 + Ly/(B-w) Jexp[-B8(1/T - 1/Tmax)] 


In this equation, Tmax is the temperature at which k(T) assumes 
its largest value, kmay, and B = ¥4-Vo. 


We assume that the reactant xX is freely diffusible across 
the boundary of the volume V and thus the flux across the bound- 
ary is given by the expression: 


flux = h(X -X) 


where Xg is the exterior concentration of the reactant X. For 
the reactant X we may then write the following equation: 


X = h(Xg-X) - k(T)X Eq.3 


We also treat the balance of thermal energy in the volume V. 
We assume that heat is freely diffusible across the boundary of V 
with the flux given by 


heat flux = &£(T,-T) 


where T, is the exterior temperature. The heat of the reaction 
X*C is AH so that AHk(T)X is the heat production (or consump- 
tion) due to the chemical reaction. We assume that the system 
absorbs: microwaves and as a starting point have studied solvent 
heating equal to 1/2 oE¢sin¢(2nft) where o is the material con- 
ductivity, E is the carrier wave amplitude, and f is modula- 
tion frequency (Hz). Combining terms we obtain: 


T = 2(Te-T) + AHk(T)X + 1/2 oE@ sin® (2nft) 
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The exterior temperature Tg iS assumed unperturbed by the ra- 
diation field. 


Equations 2,3, and 4 are descriptive of an experiment one 
could perform in vitro. They may also approximate conditions in a 
tissue if that tissue is perfused by blood or bathed in fluid at 
constant temperature. 


Examining equations 2,3, and 4 the mathematically oriented 
reader may well immediately suspect that the chemical system under 
study is capable of exhibiting frequency modulation effects and 
amplitude windows. A modulation frequency resonance is feasible 
since this is a second order differential system, albeit non-lin- 
ear. The non-monotone nature of the dose-response relationship 
could result from the maximum in the enzyme temperature-activity 
curve. 


We calculated values of, reactant concentration (X), time 
rate of change of reactant concentration (X), temperature (T), 
time rate of change of temperature (T), and time rate of change of 
product formation (C=k(T)X) for given time points and various 
values of modulation frequency f and field strength E. Equations 3 
and 4, as a coupled system of differential equations with appro- 
priate initial conditions, served as a basis for the calculations. 
Carrier wave frequency was fixed at 400 MHz. The system constants 
used in the analysis are set out in Table I, and Figure 1 displays 
the temperature-activity curve determined by the values of kay, 
vy, B and Thax given in Table I. The constants used were chosen 
both to evoke the desired system behavior and to be at least po- 
tentially realizable in practice. 


The differential equation solver, DGEAR in the IMSL system 
(IMSL Library Reference Manual. Edition 8, Volume 1.) was our 
primary analytical tool. In looking at our numerical results we 
focussed on the average rate of product formation as it differed 
from the rate without radiation. The arithmetic average differen- 
tial, symbolized ACaye, based on 200 computed values of C=k(t)X 
equispaced in time, for each modulation frequency and field 
Strength pair, seemed most biomedically meaningful to us as this 
quantity represents the mean shift in metabolite reduction that 
would be expected due to the solvent heating effect of radiation. 
The arithmetic average computed is an accurate numerical approxi- 
mation to the time average of ACaye. 


Our numerical work is summarized in Figures 2,3, and 4 below. 
Exquisite sensitivity of product formation rate to modulation 
frequency is noted. In the curves showing modulation effects at 
50 V/meter and 100 V/meter, the solvent temperature perturbations 
due to radiation were very slight, being less than 0.01°K. Figure 
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Fig. 1. Influence of temperature on the rate of reaction. 
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Fig. 2. Effect of change in modulation frequency, for field 
strengths 50 V/m and 100 V/m, on the arithmetic average 
differential. 
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Fig. 4. Effect of change in field strength, for modulation fre- 
quency 8 Hz, on the arithmetic average differential. 
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Fig. 3. Effect of change in modulation frequency, for field 
strength 500 V/m, on the arithmetic average differential. 
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4 shows that increasing field strengths can shut down the reac- 
tion. This occurs as the mean solvent temperature exceeds Tay of 
the enzyme temperature activity curve. 


Insight into the sensitivity of product formation rate to 
modulation frequency is provided by analysis of the linearization 
of equations 3 and 4. The linearization is: 


x = -Ax - Bu 


u = Cx - Du + 1/2 oE2sin2(2nft) 
where 


A = (h + k(Teg)) 


B= ak| + Xeg 
oTi¢ 
eq 
C = AH k(Teq) 


D= (Q - ws 9k] - xX 
ITIp eg 
eq 
X = X - Xeq 


u=T- Teq 


Xeq = pre-irradiation equilibrium value of X 


pre-irradiation equilibrium value of T 


The solutions of this linear system of equations are: 


BoE* BoE“ 
X= OOOO cos (2wt-p) 
H(AD+BC)  4E(AD+BC-4w2)? + Ywe (A+D)2]172 wery 
AoE“ (ATH hye) 172 oE* 
u=t + > > > Sin(2ut-y-86) 
W(AD+BC) YL (AD+BC-4w2)2 + Ywe (A+D)2]172 wer’ 
2w( At+D) 
tan y = ——————__-—- 
| (AD+BC-4we) 
A 
ta = 
n 6 on 
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Notice that the driven oscillations in x and u_ are 180 degrees 
out of phase at low modulation frequencies but only 90 degrees out 
of phase at higher frequencies. This may partially explain the 
tendency for ACave to generally increase with higher modulation 
frequencies until the high frequency cut-off point. However, also 
note that the amplitude of the driven oscillations in x and u 
have differing frequency dependencies, probably reflecting the two 
physical transport processes involved, namely, thermal and reac- 
tant diffusion. These differing frequency dependencies may be 
associated with the low frequency trough in the ACave versus w 
curves, at low field strengths particularly. 


The work shown above addressing solvent heating can be di- 
rectly extended to treat other possible effects. For example, by 
adding a term of the form 


2 2 
a-(E sin wt). X 


to the thermal balance equation, where a is an absorption con- 
stant, one can distinguish the effects of selective substrate 
heating. Additionally, letting various coefficients in the tem- 
perature-activity equation be field strength dependent, one can 
delineate potential direct field effects on chemical reaction 
mechanisms. 


Thus, in summary, we feel that our work to date has brought 
forward significant evidence that chemical reaction systems can be 
perturbed by radiofrequency radiation in a manner which shows fre- 
quency sensitivity and complex responses to field amplitudes. This 
Suggests the possibility that chemical reaction effects are the 
basis for reported EEG and calcium findings. We believe that chemi- 
cal reaction-radiation interactions may be involved in the reported 
events for two reasons. First, the linearization analysis presented 
above predicts the existence of modulation frequency effects at very 
low field amplitudes, in fact, at amplitudes approaching zero volts/ 
meter. Second, observe that as the temperature-activity curve ap- 
‘proaches the steady state temperature of the unirradiated tissue, 
shut down of the reaction by increasing field strengths will occur 
at lower and lower field amplitudes. Finally, it also appears to 
us that non-ionizing radiation interactions with chemical systems 
are of great interest in themselves from the point of view of chemi- 
cal theory and basic mechanisms of radiation action. We look forward 
to experimental work to test the application of the mathematical 
model to real systems. 


APPENDIX 


To derive equation 1, let Ay, be the concentration of the active 
form of the enzyme, and Ag the concentration of the inactive or 
denatured form. At equilibrium, using the Arrhenius relation, 


K,exp(-?,/T) Ay = Koexp(-¥o/T)Ag 
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since Ap = Ay + Ag, 

A = ns 

n 1 + (Ky/Ko)exp[-(¥1- %)/T] 


The rate of the chemical reaction X*C is Kexp(-w/T)AneX = k(T)X, 
so equation 1 follows. 


Table I. System Parameters 


h = Metabolite Diffusion Constant = 3.75 sec”! 
& = Thermal Diffusion Constant = 150 sec™! 

AH = Heat of Reaction = 1000 cal/mol 
kmax = Maximum Value of Reaction Rate = 13.86 sec”! 
Tmax = Temperature at Maximum = 313 °K 

yw = Activation Energy XC = 32,270 °K 

B = Activation Energy Ap>Ag = 80,160 °K 

o = Tissue Conductivity = 1.043 mho/m 
Te = External Temperature = 310 °K 


Xe = External Concentration 0.1 mol/liter 
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INTRODUCTION 


Today dissipative structures are at the center of interest of a 
noticeable part of the scientific community. This is particularly 
true in biology, where the discovery of reaction diffusion instabil- 
ities has opened a wholly new area of research on self organization. 
New types of dissipative structures, such as chemical clocks and 
reaction diffusion patterns, have become subjects of widespread in- 
terest. Their occurrence has been invoked in the explanation of a 
multitude of phenomena of self organization in biology. Examples 
include cellular differentiation, mitotic control, pattern forma- 
tion, cellular communication, amoeba ageregation.? Generally speaking 
one may say that reaction diffusion instabilities show how molecules 
or cells can "communicate" over macroscopic times and distances using 
the very type of chemical processes and transport phenomena ubiqui- 
tously present in living systems. 


What distinguishes dissipative structures from the organized 
states of matter studied by classical physics is that they are not 
governed by the usual (equilibrium) mechanisms of order-disorder 
transitions. In contrast to equilibrium structures, they are co- 
herent behaviors which originate from irreversible transformations. 
Furthermore, only under far from equilibrium conditions do these 
transformations reveal their richness in ordered behaviors. 


Dissipative structures are thus nonlinear phenomena which 
strongly depend on the properties of the environment. Two aspects 
are especially important in a biological context: (i) Many dissipa- 
tive structures are frequently possible in a given system under given 
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constant environmental conditions. Far from thermodynamic equilibrium, 
the behavior of nonlinear systems is generally not uniquely determined 
by the state of the environment, i.e. by the constraints acting upon 
the system. Very different "adaptative responses" may originate from 
small effects, e.g. for minute changes of the initial condition the 
evolution of a system may proceed towards quite different states of 
organization. (ii) The coupling between nonequilibrium systems and the 
environment is generally via multiplicative parameters, i.e. parameters 
whose value is fixed by the environment and which are multiplied by a 
function of the state of the system. When the environment fluctuates, 
the intensity of these fluctuations is modulated inside the system by 
the state function multiplying the external parameter. This makes the 
system highly sensitive to these fluctuations. When their variance 
increases, noise induced transition phenomena may occur.* These are 
sharp transitions which produce a qualitative change in properties and 
take place. even if on the average the environment is strictly constant. 


In this paper, we investigate the dynamics of cellular tissue 
growth. Obviously cellular replication is a nonlinear irreversible 
process strongly influenced by environmental factors. These features 
thus suggest that in a certain sense tissue growth must be assimilable 
to a behavior of a type of dissipative structure. Our aim is to give a 
precise content to this intuitive idea. For this purpose, we propose a 
reaction diffusion formulation of tissue growth. It permits us to 
associate this phenomenon with a class of coherent behaviors in the 
field of reaction diffusion instabilities. Our results illustrate for 
cellular tissues the aspects of far from equilibrium phenomena mentio- 
ned in (i-ii) above. 


We apply our analysis more particularly to a specific problem, 
namely the growth of cancerous tissues attacked by immune cytotoxic 
cells. In this way, we situate the main outcomes of our approach with- 
in the context of an important biological problem. It is much beyond 
our capabilities to present a treatment which encompasses the over- 
whelming complexity of events at the in vivo level. Our starting point 
will be a kinetic model which describes the predator-prey relation of 
immune and cancerous cells as it can be observed in in vitro cytotoxic 
assays. The relevance of this model for the in vivo situation has been 
discussed elsewhere.° * Throughout these notes our objective is thus 
to focus principally on the qualitative aspects of the results obtained. 


The paper is organized as follows. First we model the phenomenon 
of tissue growth under constant environmental conditions. We show that 
it can be described by a reaction diffusion formalism and characterize 
some of the growth behaviors possible in the case of tumoral tissues. 
A multiplicity of regimes may occur for given environmental conditions. 
The choice between them is function of the initial condition. In a 
second part, we analyze the influence of environmental fluctuations 
on the system. A strong effect on the conditions for which the cance-. 
rous tissue is rejected is demonstrated. 
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TISSUE GROWTH IN A CONSTANT ENVIRONMENT 
Reaction diffusion model 


To begin with,let us present our reaction diffusion approach in 
a general manner. We shall particularize the problem in the next 
section where we study the competition between the growth of a tissue 
and immune cytotoxic reactions. 


We consider a tissue constituted of cells existing in two physio- 
logical states: a state C in which they have the capability to repli- 
cate and a state D in which they have not. For the moment we do not 
specify the nature of these states more precisely nor the mechanism 
(reversible or irreversible) of the transition 


C#—pD (1) 


which transforms the cells from one type into the other. We assume 
that the spatial distribution D(r) of the D cells is given. r is the 
spatial coordinate; for simplicity the medium is one-dimensional. The 
first question we deal with is the derivation of a local balance 
equation continuous in time and in space which governs the evolution 
of the density of C cells. 


Let N be the maximum number of cells which a spatial element of 
size Ar may contain and let a be the size of an individual cell. One 
has 


N=Ar/a. (2) 


Suppose now that Ar's position on the spatial coordinate axis is r. 

At time t it contains C(r,t) cells of type C and D(r,t) cells of type 
Dr (C(r,t)+D(r,t)<N). We evaluate C(r,t+At),where At is a short time 
interval with respect to the time scale d- characterizing the repli- 
cation of the C cells. Replication here is the overall process descri- 
bed in Fig. 1: a cell occupying in Ar a site i divides; the two daugh- 


Figure 1: At replication 
a cell of size a located 
at a site i first divides 


aA . and then the two daughter 

division cells grow back to the 

() as) growth original size a; they 
occupy the sites i and 


ita or i-a. The relaxa- 
tion time of fhe whole 
process is i 


™ 
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ter cells grow back to size a. One of these cells is then located at 
i and the other at ita or i-a. The process can take place only if at 
least oneof the sites at ita is empty. For At<<\ ", we have that 


C(r, tet) =C(r,t) +i C(r,t) AoC ED le rt) _ 


N 

1 C(r,t) N-C (r+Ar,t) -D(rt+Ar,t) _ 
2 N ° 2 

N 
1 C(r,t) N-C(r-Ar,t)-D(r-Ar,t) 
oo eee 
2 N 2 

N 
5 oT ] Atto (At™). (3) 


N 


The first three terms between brackets come from the replication of 
cells belonging to Ar at t and giving rise to two daughter cells also 
belonging to Ar. The last term represents the replication of boundary 
cells belonging neighbouring volume elements at r+Ar giving birth to 
a daughter cell in Ar. Introducing the densities | 


c(r,t)=C(r,t)/N and d(r,t)=D(r,t)/N, (4) 
we take in (3) the limit At>O and expand c(rtAr,t) and d(rtAr,t) in 


Taylor series around r. Taking (2) into account one obtains the desired 
equation: 


2 
. ra 
0,.c=Ac(1-c-d) + = df (1-d) 3 ctcd dl] . (5) 
Let us remark that, though the cells are not mobile, (5) is a 


reaction diffusion equation. The cells invade space only by reproduc- 
tion. The latter accounts both for the autocatalytic (logistic) term 
in (5) and for the nonlinear diffusion flux 


2 
3 a Aa 


a S- [ (1d) 8 cte8 a). (6) 


The first term in (6) expresses that replication can only take place 
in regions which are not totally occupied by D cells; the second term 
tells us that the spatial dissemination of the tissue is autocatalytic, 
i.e. it is modulated by a coefficient proportional to the density of 
cells capable to replicate. Equation (5) can easily be generalized to 
more than one spatial dimension. In that case, the existence of prefe- 
rential directions of replication, due for example to the form of the 
cells, could be accounted for by making the replication constant 
function of the various spatial coordinates. 


A simple particular case 


In order to familiarize ourselves with (5), let us consider the 
simple situation where d(r,t)=0 everywhere. (5) then reduces to 


a= he (1-c) + (Aa/2)3_e, (7) 
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or 


-1/2 


3 c=c(1-c) +04 4ce with t'=\t and r'= r/(a2 ). (8) 


ti 
(8) has been introduced earlier by the geneticist R. A. Fisher’ as a 
model for the spreading of a favorable gene in a population. It has 
been abundantly studied in the mathematical literature (for a review 
see ref. 6). Its properties relevant to the problem at hand here 
summarize as follows.(8) admits two uniform steady state solutions: 


=0 and c,=1. (9) 
e) 1 


c is unstable, while c, is stable according to linear stability ana- 
1ysis. Putting c(-~,t)=c, and c(+°,t)=c_, (8) admits an infinity of 
travelling wave front sotutions joining these two states. In first 
approximation these fronts are given by 


c(t)=1/[ 1+exp(t/v)] +, with ter'-vt'. (10) 


v is the velocity with which the waves propagate over space without 
deformation. It is subjected to the condition 


VPvV_, =2. (11) 


These waves are stable with respect to bounded perturbations and are 
attractors for distinct sets of initial conditions. 


Figure 2: Bifurcation diagram of the uniform steady state solutions 
c andc,. The steady states exchange stability at A=0 (the 
unstable states are in broken line). For \>0, a travelling 
wave front joining Cy and Co and propagating in favor of 

Co is sketched. 


When the supply of nutrients, oxygen etc. to the cells is 
constant, cellular tissues grow in an unbounded fashion. This unboun- 
ded growth behavior can be interpreted as the advance in space of a 
travelling wave of the type found in Fisher's equation (8). More 
exactly, the appropriate solution here is the one corresponding to 
Vain aX (in the original time and space coordinates t and r). It 
agrees with the intuitively obvious guess that the motion of this 
simple tissue proceeds over space at the rate at which the tissue's 
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boundary cells replicate; clearly this rate is equal to ad. The biolo- 
gical relevance of v_. is further confirmed by the fact that the 
wave having this valocity is the attractor of all initial conditions 
of the form 

1 for r<r 

c(r,0)= j¢(r) for r <r<r, 

O for ro<x (12) 
where r, and r, are finite and @(r) is a monotonic and continuous 
function of r. Obviously all initial conditions biologically signifi- 
cant are of the form (12). 


These results give confidence about the soundness of the approach. 
They suggest that the outcome of our analysis in the next section, 
which are hardly guessable by intuitive reasoning, are of predictive 
value. 


ON THE GROWTH OF TUMORS ATTACKED BY THE IMMUNE SYSTEM 
Kinetic equations for growth and cell-mediated cytolysis in tumors 
oe ee ee eis batea cytorysis in tumors 


The observations made so far show that the lysis of cancer cells 
(target cells) by immune T-lymphocytes (effector cells) can, broadly 
speaking, be described by the sequence of events:’ 

(i) Recognition step: a cell-cell contact forms between target and 
effector cell. This process is normally irreversible and involves a 
large number of receptors. 

(ii) Progammation for lysis: the bound effector cell induces the un- 
folding of a "program" target cell whose conclusion is the lysis 

of the target cell (lethal hit). 

(iii) Lysis step: once the lysis program has been triggered, the 
target cell carries it through irreversibly. This does not require the 
maintainance of the bond between target and effector cell. 


Several authors®’?’!° have proposed that the kinetics of (i-iii) 
can be represented by the two step reaction 


ES be” EA —_—y ETD. (13) 
The effector cell E_ first binds the target cell C at a rate bCE. 

The bicellular complex E, subsequently dissociates at a rate XE into 

a target cell D programmed for lysis and an effector cell E ready 
again to participate to another cytolytic cycle. The similarity of this 
reaction scheme with the catalytic cycle of Michaelian enzymes is 
evident. This analogy accounts satisfactorilly of the kinetic behavior 
found with total (heterogeneous) lymphoid populations. Also other 
effector cells than T-lymphocytes follow a Michaelian type of law. 

some representative values of the kinetic parameters introduced in 

(13) are given in Table I. Adopting for the growth process the model 

of the preceding section, the kinetic equations describing effector- 
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Table I. Approximated values of cytotoxic constants for the effector 
cells indicated (references to the original papers can be 
found in ref. 9). 


- -1 
Cytotoxic cell b (day ) 2 (day ') 


Allosensitized T-lymphocytes 1 
Immune T-lymphocytes O. 
Syngeneic natural killer cells 1 
Syngeneic activated macrophages 0 


target systems are: 
2 
9, c=Acl 1-(c+d)] -bce tra 0 [(1-d) 3 ected A] /2 (14) 


9,e a -bee the, +D, 9) &) (15) 


,e,= bee ~Le,+D 0 (16) 


1°rr=1 


d,d=Le,-md. (17) 


e ande, are the number of free and bound cytotoxic cells per unit 
volume. bytotoxic cells reach the tumor by infiltration and their 
motion is in good approximation assimilable to a random walk. Hence, 
we describe it here by a Fickian law with diffusion coefficients D 
and D,. b and & are the constants of binding and lysis. (17) describes 
the etimination of the dead cancer cells; the rate of this process 

is simply supposed equal to md. 


Behavior of uniform steady state solutions 
We introduce the dimensionless parameters 
B=be,/A, G=2/b, y=RA/mb. (18) 


The uniform steady state solutions c_ of (14-17) are then given by 
; S 
the solutions of the equations 


2, 
c[ (1-8) 6+ (1-6-B8/y)c_-c ] =0, (18) 
Cog ep’ (Ite 5/8) ,e, =e nc /(1+e_/8) , d=Be A y8(1+c_/6)] (19) 
with 
“pe os M15" 


The steady states c. are sketched in Fig. 3. Their properties are 
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Figure 3: Sketch of the uniform 
steady states c_ as a function of 

8 . Unstable states are represented 
in broken line. 


‘ 


B 


0 1 B 
summarized as follows: 
(i) For 
0>0 =y¥/ (1+) (20) 


(18-19) admit two steady states in the range 0S$<1, namely c _=c =0 
which is unstable and a steady state corresponding to a finite cance- 
rous population which is stable. ®=1 is a bifurcation point where 
these two steady state branches meet each other. For §$>1 only the 
state Co is physically acceptable. 

(ii) The point 


O=0 1 B=6 =1 and c =e (=0 (21) 


is a critical point at which the slope dce_/d® of the cancerous branch 
of steady states is infinite. s 
(iii) For 0<0 the steady state curves exhibit a region of bistabi- 
lity. In the range 
(22) 
1<p<p*, 


(18) admits two stable steady state solutions, Co and the upper branch 
of cancerous states; the steady state existing in between is unstable. 
For ®<1, the behavior is qualitatively similar to (i). 


In the remaining part of this section, we shall analyze the pro- 
perties of the traveling waves joining Co and the cancerous branch of 
steady states. 


Travelling wave solutions of (14-17) 


The mathematical problem of finding travelling wave front solu- 
tions of reaction diffusion equations has been studied in great detail 
using phase plane techniques for one variable systems (see ref. 11 
for an application to a simplified version of the present model). 

Two variable models have been studied singular perturbation methods!?"! 
These techniques are difficult to use when the number of variables is 
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larger than two. Recently however we have proposed a perturbation 
method permitting to construct slowly-varying wave front solutions 
valid for many variable systems.!* This method makes no assumptions on 
the time scales of evolution of the variables. It is well adapted 

to conditions where the values of the two uniform steady state solu- 
tions joined by the waves are close to each other. Looking at Fig. 3, 
these conditions are typically met by our model in the neighbourhood 
of the critical point (21). We sketch here the results obtained in 
that case (for a more detailed mathematical derivation see ref. 14). 


We introduce the dimentionless parameters 

0=8/A, USD / (Aa), VED, / (Nae), tEAt (23) 
and redefine the variables as follows 

X=bc/kK, y=(1+K) (1-e )/K, w= (1+K) (1-e -e,)/K, p=ybd(1+K)/B2&K (24) 


where K=bc /% corresponds to the stable cancerous steady state. 
Equations (14-17) may now be rewritten as 


0, u=F(u)t+d ,[D(u)d,u | (24) 
where u=(x y w p) is the vector of the variables, 
(1-8) x-OKX+BKxy/ (K+1) -BOKxp/y (K+1) 
of (K+1)x-y+w-Kxy ] 
F(u)= (25) 
0 


YL (K+1)x-p-Kxy] 


and 
1-RBOKp/y (K+1) 0 O BOKx/y(K+1) 
0 U 0 0 
D(u)= (26) 
0 (u-vV) Vv 0 ° 
0 0 0 0 


In the new variables, the steady state corresponding to the cancerous 
state is given by 


(x Ys, Pp.) =( 1,1,1,1), for all 8. 


To apply the perturbation method, we must work in the neighbour- 
hood of the critical point, i.e. where the value of K is small. We 
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define the smallness parameter € by 


T=1 for 0<0 | 
Te=0 -6 with (27) 
{I=-1 for 0>0 | 


a 


and expand 8 and K as 


K=€K +e°K +o... (28) 


2 
R=1+e bos 1 9 


At the lowest order, one has 


K=Tef 141 (1-4b,0°) 177] (267) 
° Cc Cc 
= K (29) 
1 
with 
bel -9 /4,0] for I=-1 and b£[-6./4,0./4] for I=1. (30) 


Travelling wave front solutions of (24) are stationary state 
concentration profiles in a reference frame moving at the same veloci- 
ty v as the front, i.e. they are solutions of the equation 


d[ D(u)d_u] +vd_utF(u)=0, where u(T)=u(r'-vt'). (31) 
The boundary conditions are 
u(-©)=(1 1 1 1)Su(1), u(+)=(0 0 O 0)=u(0). (32) 


We now consider successively the case of systems working above and 
below the critical point (21). 


9>0 and I=-1. By linear stability analysis one easily verifies 


that a (05 is an unstable focus unless 


4/2 
VPV int ( bo) . (33) 


This condition must be satisfied for the solutions to be physically 
acceptable and is equivalent to the condition found in the scalar case 
(11). Similarly to the scalar case, the system admits for 6>6 

an infinity of travelling wave front solutions. To see this, we intro- 
duce 


F=e“r (34) 
and expand u(&) as 
u(&) =u, (€) teu, (E)+... (35) 


Replacing u in(31), and going to order ¢€° we must satisfy the equation 
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Fu =0, (36) 
Oo O 
where 
| 000 0 
_|-p po -p 0 
Fo | 0 0 0 0 (37) 
t-y 0 0 ¥ 
The solution of (36) is 
ufE)=(a(E) b(E) [-a(E)+b(E)] a(E))™ (38) 


The functions a and b remain undetermined at this order. At the order 
€ , one finds that 


2 
-K,a +K, ab 
K,a(1-b) 
0 


K,a(1-b) 


= F, (a,b). (39) 


|F|=0, implying that the solvability condition 
Flu=0, <u. ,F, (a,b)> =0 (40) 


must be fulfilled, where Fr and ue are the matrix adjoint to Fo and 
its eigenvector. (40) yields that 


a(&)=b(&). (41) 


rthermore, it is easy to see from the equation for w at the order 
€ that 
w, (6) =0. (42) 


Taking (41-42) into account the solution of (39) is 


u, (E)=(e(E) £(E) 0 [ e(E) +K,a(E) (1-a(E))]) ™ (43) 


where the functions e(€) and f(€) are undetermined. At this stage, it 
may seem that we have worsened our lot since two new undetermined 
functions e,f have arised. At each order €~ however, we must satisfy 
a solvability condition of the form 


+ 
< eee >= 
UF, (Uy 1 (E) ree ert (E)) >=0, (44) 
where F, is a vector whose components are functionsef the solutions 


at the fower orders in €. Proceeding to the order €', (43), with k=2, 
yields after some manipulation a closed form equation for a(&), namely 
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vd a=a(1-a) (b,-9 Kia). (45) 


g 


Solving (45) for a(€), the solution of (36) is now completely deter- 
mined. It reads 


Cc 


tr 


uo(§)=a(§) (1 1 0 1) (46) 
with a(&) given by 
1/q 1/ (q-1) 
a (1-a) _ 2 ~ 2 
(ang UE DT = expt 0K 6/vl , and q=b,/0K, . (47) 


Clearly (46-47) admit an infinity of travelling wave front solutions 
for VAV vin joining the steady states u(0) and u(1). 


0<O0 , I=1 and bf (0,0 /4]. The main difference with the preceding 
case is that now both u(1) and u(0) are stable. The wave fronts 
joining these two states can be obtained using the perturbation 
method used above. We shall therefore simply report the results and 
skip the detailed mathematical derivation which will be presented 
elsewhere (14). Two distinct classes of wave solutions are found. 


The first class is obtained putting 
E=ET (48) 


and by expanding u(&) and 8 as in (28-35). Furthermore, since both 
boundaries are stable steady state solutions, the conditions on the 
velocity are more stringent. It can no longer be left as an arbitrary 
parameter. Expanding it as 


v=e (v tev +...), (49) 


1 


one finds that at the lowest order in € the solution satisfying the 
boundary conditions (32) is given by 


wu (E)=a(E) (1 1 0 1) °F (50) 
with 
1/2 
a(E)=1/[ 1+exp (0- K,&/v2)] (51) 


and 


/ 


1/2 2 
VonK, (8/2) (1-2b,/0 Ky). (52) 


x 

Though (51-52) do not depend explicitely on the diffusion coeffi- 
cients, the latter are not arbitrary. At the order e , the solvability 
condition has been fulfilled by putting u=v. 
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For v_>0, the tumor is progressive. Though locally the normal state 
u (0) Ys stable, globally it is metastable with respec to the tumoral 
state u(1). At 


~p on 2ignd eohn 27,03 
B=B oex =f t2e /90° <Q =1+¢e [40° (53) 


v_=0: both uniform steady states are equally stable;f oxi analogous 
to an equilibrium point of phase coexistence. Beyond EATS point the 
tumor regresses. 


The second class of wave solutions is obtained putting 


and expanding v as 


1/ 


V=E ZY +Ev,+...). 
O 


1 


At the lowest order in €, the solution satisfying the boundary condi- 
tions (32) is given by 


u(e)=a(e) (1, 1,0, 1)™ (54) 
with 
1/2 
a(e)=1/ L+exp{ (b, (U-Vv) /8_K, ) E] (55) 
and 
- 1/2 
v=o (By (UHV) /8K,)°/*. (56) 


Clearly this solution only exists for u>v. This condition however is 
no limitation in the case of the present model. It is indeed plausible 
that the mobility of the bound cytotoxic cells is lower than that of 
the free ones. In contrast with the preceding class of travelling 

wave front solutions, v_ does not change sign in the interval 1<B<Q*, 
The point of coexistence 8 coincides with $=1. In the whole bista- 
bility region, the tumoral wave is regressive. 


We shall comment more in detail on the properties and biological 
Signification of the travelling wave front solutions reported here 
to describe the growth of tumoral tissues in the last section. 
Before doing so, we would like to investigate, in the case of cellular 
tissues, the other important aspect of nonequilibrium nonlinear 
systems, namely their great sensitivity to environmental fluctuations. 
We consider this problem in the next section and show especially that 
the occurrence of bistability strongly depends on these fluctuations. 
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INFLUENCE OF ENVIRONMENTAL VARIABILITY 


We have seen that the properties of the travelling waves descri- 
bing cellular tissues change completely when one passes from a region 
in parameter space where the uniform steady state solutions present 
bistability to a region where they do not (cf. Fig. 3). In order to 
understand the mechanism of evolution of a tissue it is thus essential 
to know whether or not this behavior is involved. In the presence of 
environmental fluctuations the answer to that question may turn out to 
be more complex than usually thought. 


Up to now we have been content with the idealization of an envi- 
ronment which is strictly constant in time. The results of this section 
show the limitations to which this approach may be subjected, particu- 
larly in the case of natural systems such as cellular tissues. Cellular 
environments depend on a multitude of factors (temperature, radiations, 
supply of oxygen and nutrients, hormones, etc.) which to a greater or 
lesser degree fluctuate inthe course of time. Through cumulative effects 
of these fluctuations of the environment, many cellular parameters in 
turn become fluctuating quantities. At best they are constant on the 
average, and exhibit a time behavior with an appreciable amount of 
external noise. The analysis of the tumor growth model in the presen- 
ce of noise of this type yields results whose main features are that 
(i) the stationary state behavior remains remarkably coherent even 
in the presence of a large, extremely rapid and completely incoherent 
(memoryless) noise like gaussian white noise; (ii) by increasing the 
variance of this noise, it is possible to induce bistability in a sys- 
tem which displays none under constant environmental conditions and 
to modify in this way the mechanism of tumor growth. Rejection of the 
tumor seems facilitated. 


We shall be interested in fluctuations affecting the binding 
constant b. In in vivo tumoral systems this parameter generally is 
a fluctuating quantity. Indeed the populations of immune T-lymphocytes 
found in tumors are heterogeneous. They are constituted of several 
clones which recognize the target's antigens with different degrees 
of specificity. 


To reduce the discussion to the essential, let us consider the 
case where the dead cancer cells D are eliminated rapidely so that 
their population remains small and needs not to be taken into account 
into the equations (y>o). Furthermore, we may drop the diffusion terms 
in the kinetic equations; because we want to investigate the behavior of 
the uniform steady states of these equations. We suppose that the 
fluctuations of b take place around a fixed average value. We write 
b(t) in the form 


b(t) =btAz(t), with <b(t)>=b and <z(t)>=0. (57) 


z(t) is an Ornstein-Uhlenbeck noise whose temporal evolution is given 
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by the Langevin equation 


? — 
d z=“ 2 + E(t). (58) 
t 3 86T 
cor 
T , O are tne correlation time and the variance of z; E(t) is the 
standard gaussian white noise. Taking (57) into account, the kinetic 
equations now read 


d.c=\c(1-c) -bee -Azce. (59) 

de =hle,-bee /k-Azce /2), with enme te, - (60) 
We define 

x=bc/2, y=e./ens T=At (61) 


and introduce the parameters 8,0 and 0 defined in (22-28). Equations 
(58-60) become 


1/2 


d_2=- 22/ (AT 08 (T) /d (62) 
d_x=x (1-Ox) -Bxy-ze, xy (63) 
d_y=pl 1-(1+x) y-Azxy/b] . (64) 


We take as smallness parameter 


E=XT /2=T 12T (65) 
cor cor macro 


which espresses the ratio by which the time scale of the evolution of 
external noise is much faster than the time scale of evolution of x 
(given in first approximation by A Stet ). The total number of cyto- 
toxic cells per unit volume is large (e, = CF953_ 10* cells/mm*?). We put 


enne/Ey where e=o(1) take e=l in the following. (66) 


With these scalings (62-64) can be rewritten as 
d_x=x (1-0x) -Bxy-zxy/e=t (x,y) +zg (x,y) /€ (67) 


2 -. 2 
d_y=ol 1- (14x) y-e 2zxy/bT ] =ol h(x,y)-€ 22xy/bT | (68) 


y) 2 
d_z=- z/e°+0E(t)/e, where o=0° /2y. (69) 


The triple (x,y,z) is a markovian diffusion process; tte ene the 
temporal evolution of its transition probability density p(x x,y,z|0) 
is given by the Fokker-Planck equation 
2 2 
8p (xy, 2Z|0)={-3 £ (x,y) -(2/e) dg (xy) + (1/e°) (3,24 (0° /2) 9.) 


el Ah (x, y)] 4¢°p (2y/b) 28, xy }p(xvy,z|0) (70) 
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We are interested in the stationary state behavior of (70), more 
precisely in the behavior of the stationary probability density P(x). 
Its extrema are the stochastic equivalents of the uniform steady 
states in the deterministic description; the maxima correspond to 
stable states, the minima to unstable ones (for a thorough justi- 
fication of this interpretation, see ref. 15). When the external 
noise vanishes, i.e. o=0, the location of the extrema of p (x) coin- 
cides exactly with the value of the uniform steady states. For oA0, 
this is no longer the case. The influence of the noise z(t) in (67) 

is modulated by the state function xy; it is multiplicative. As we 
show below, this gives rise to an interplay between the noise and 

the nonlinearities of the system which deeply modifies the bifurcation 
diagram of Fig. 3. 


It is not possible to obtain the general stationary state solu- 
tion of (70) for any value of Oo and y. The results presented below 
are obtained in the white noise limit, i.e. for €>0. Furthermore, 
we assume that the cytolytic process is rapid compared to the rate 
of cellular replication: p>>1. Under those conditions, it is possible, 
using the wide band perturbation method)}°’!®'!” to find an approxi- 
te solution to the problem. Depending on the rate of cytolysis with 
respect to the rate of the noise one finds the following (the mathe- 
matical derivation will be presented in (18), see also (19)). 


; -2 ; ; ; 
(i) € >>0: external noise is faster than cytolysis. Then 


2 
(x) NO) exp 2 [ (2-6-8) x4 (1/2-0)x7-0x7/3] (71) 
S 2(1-8) 2 
[ 1- 5 O 
O 


> 4 


- -2 og ; 
(ii) 9>>€ ~: cytolysis is faster than external noise. Then 
N (1+x) 


p_ (x)= 
[ 1-28) 
x O 


« exp A (2-8-8) x+(1/2-8)x7-8x7/3] . (72) 
6) 


-1_ 0 ,; , ; 
N =J (P(x) dx is a normalisation constant. 


Figure 4 illustrates the behavior of p (x) in (71) and (72), 
respectively in (a-a') and (b-b'). The extrema of p_ (x) corresponding 
to finite values of x, i.e. of the cancerous population, are plotted 
in term of the average environmental state (given by 8) and_for 
different values of the noise intensity (given by 0). For,o =0, we 
recover the deterministic curve given by (23) with 6=1,y =O. It is 
a monotonously decreasing function, of 8. In the presence of external 
noise, bistability appers. When o increases, the bistability 
region becomes larger and moves towards the lower values of 
8. The random variations of the binding constant b(t) facilitate 
the rejection of the tumor by the immune system. As a whole, the 
efficiency of a heterogeneous cytotoxic population whose binding 
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Figure 4: In (a, b) the extrema of p(x) are plotted as a function 
of the average value of 8 and for the values of o” indicated; 0 = 1. 
The maxima are represented in full line and the minima in broken 
line. In a', b') p (x) as given by (71) and (72) is represented for 
8 = 0.5 and two valiies of o”%. Extinction of the x population is 
favored for o% = 2 as compared to o7 = 0.5. The maxima which per- 
sists in a fluctuating environment disappears more rapidly in the 
case where o*% increases. 


constant b(t) is gaussian distributed around some average value, is 
greater than the efficiency of the homogeneous population which would 
have a fixed binding constant equal to this average. Remarkably also, 
the behavior of the system remains quite organized even for large 
values of 0 . The probability density is not simply smeared out by 

the noise, but exhibits sharply defined transition phenomena. Indeed, 
two well-defined regimes, corresponding to completely different shapes 
of p_(x) (see Fig. 4), are separated by a sharp threshold value of o. 
For small values of x, P(x) in (71-72) behaves like 


2 
om dB aa ae 


Accordingly, for 07 /2<1-8, P(x) 70 as x>0O. The only extremum of 
p_(x) is ths maximum which is the continuation of the deterministic 
state. At 0 /2=1-8, the shape of the probability density changes 
abruptly. For 1-0 /2<8<1, it is still normalizable, but it diverges 
at x=0. One is in the bistability region where rejection becomes 
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possible. For B>1, p(x) is a 6-peak on x=0. Extinction is certain. 
CONCLUSIONS 


There is no doubt that cellular tissues exchange energy and 
matter with their environment and hence are dissipative systems whose 
evolution is, thermodynamically speaking, a nonequilibrium phenomenon. 
In these notes, we have tried to go beyond this elementary evidence 
and to propose a precise physical description of these systems. We 
have shown that the evolution of tissues can be situated in the main 
stream of the selforganization phenomena observed in reaction-diffu- 
Sion systems. The transitions and nonequilibrium behaviors which 
tissues display are typical of far from thermodynamic equilibrium 
conditions. In this sense, it is justified to call their spatio- 
temporal organization, as modelled by travelling wave fronts, dissi- 
pative structures. It is clear that the in vivo situations are more 
complex than the models which we have presented and of which eq. (5) 
is the core. We believe however that the assumptions made in deriving 
this equation correspond to really basic facts and thus that at least 
in part, the properties related to these facts play a role in the 
mechanisms of progression and regression of tissues. 


An advantage of the approach proposed is that it establishes a 
direct connection between the properties of the uniform tissue 
"phases" and the overall space time behavior. These phases are func- 
tion of cellular parameters (A, b, &, diffusion coefficients, etc.) 
which are accessible independently by in vitro measurements. The 
results therefore should be amenable to experimental testing. The 
existence of a multiplicity of uniform steady state branches and of 
transition points where these branches exchange stability (cf. Fig. 
2-3) evidently is a consequence of the nonlinearity and of the irre- 
versibility of the processes involved (replication, cytolysis). 
Judging from the numerical values of the constants reported in Table 
I, it is likely that a bistability phenomenon is controlling the 
growth of certain tumoral systems; the more so when the level of 
external noise affecting parameters such as b becomes important. 

For example, when the elimination of dead cancer cells is rapid, the 
critical value 0. is close to one. Given that @=b/2, many effector- 
target systems seem to function in the neighbourhood of 8. In sum- 
mary our model of effector-target interactions mainly indicates the 
following. In the course of the immune response against tumors, two 
distinct situations may arise in regard to the conditions of tumor 
rejection. The first situation corresponds to @>0 _. In that case the 
tumor is progressive as long as B<1. The travelling wave describing 
this progression joins at r=-~ and r=+~ the stable state u(1) to the 
unstable state u(0). Qualitatively the behavior is identical to the 
scalar case (8). Notably the velocity of propagation of the wave does 
not depend in first approximation on the mobility of the cytotoxic 
cells, i.e. on their diffusion coefficient. The second case arises for 
0<0 Two mechanisms of growth are then possible, corresponding to 
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the waves given by (51-52) and (55-56). Notably these waves differ 
by the location of the rejection transition point given by B oex and 
by their dependency on diffusion coefficients. 


The results for b fluctuating are examplative of the influence of 
complex environmental conditions. In particular, processes sensitive 
to radiations could lead to noise induced transitions: absorption 
indeed typically is a multiplicative stochastic process when the inten- 
Sity fluctuates. The results offer a glimse into a domain which 
is still underinvestigated theoretically and experimentally. There 
exists some gut feeling against the idea that a form of environmental 
variability assimilable to a noise may play a significant role and be 
a source of coherent behaviors. This however may only be a prejudice 
stemming from our desire to reduce the complexity of our descriptions 
and our habit to think about selforganization in strictly deterministic 


terms. 
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INTRODUCTION 


A distinctive feature of animal life is the electrical 
activity displayed by individual cells as a result of the rela- 
tively large potential between the intracellular and extracellular 
electric fluids. This potential difference is established as a 
significant byproduct of metabolic activity within the cell, which 
reduces the concentrations of sodium and calcium ions internally to 
levels far below those in the extracellular environment. The 
electrical activity is associated primarily with the nervous 
system, and especially with the internal surface of the neural 
membrane where the largest variations of the electrical field are 
observed during the passage of action potentials. Of equal if not 
greater significance, however, are the graded potentials within the 
cells, and what we shall call “external potentials” in the extra- 
cellular fluid. The latter are detectable in an attenuated form as 
electric and magnetic fields outside the body, notably on the scalp 
where they form the basis of clinical and diagnostic studies of 
cortical activity by means of electroencephalograms (EEGs) and 
magnetoencephalograms (MEGs). 


The records obtained in this way reflect the variations in 
potential near the surfaces of a large number of neurons and other 
cells in the neighboring cortex. The same variations can be 
detected, with amplitudes up to several millivolts, by suitably 
designed microelectrodes introduced into the extracellular fluid of 
the cortex. Some of the variations of potential observed in the 
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extracellular fluid take the form of spikes or spindles, which are 
clearly associated with action potentials in individual neurons or 
synchronous potentials in related groups of neurons. In some 
instances the latter have a periodic character, especially the 
alpha-spindles (1) which are almost certainly synchronized by 
activity in specific nuclei of the thalamus. Other variations have 
a less localized source, such as those investigated by Freeman and 
his associates (2), and those associated with the alpha- and beta- 
rhythms which appear characteristically in waking states of 
relaxation. Under some circumstances the alpha-waves may be 
associated with the alpha-spindles, but they normally occur 
independently, and their source has been found by Lopes da Silva 
and Storm van Leeuwen (3) and Basar (4) in a layer rich in apical 
dendrites, about 1 mm below the cortical surface in the dog. We 
shall in the following elucidate the mechanism of these alpha- and 
beta-waves as well as of other types of extracellular potentials. 


There is already a considerable body of knowledge concerning 
extracellular fields. One of the earliest detailed experimental 
studies was made by Lorente de No (5), who charted the external 
field associated with action potentials in a neuron of the bull- 
frog, though in an environment removed from the animal. He was 
also able to model the observed field satisfactorily by an analysis 
based on Helmholz's demonstration that the field in a region free 
of sources is completely determined by the values of the potential 
and its normal derivative on any closed surface containing the 
sources. 


This type of analysis has been subsequently developed and 
extended by Plonsey (6, 7), and applied to determine extracellular 
electric and magnetic fields of a neuron in a medium with specified 
characteristics. His work to some extent complements that of Rall 
(8), who modeled the development of graded potentials in the 
dendritic trees which are a common feature of regions near the 
surface of the cortex. However, the potentials recorded in situ by 
introducing microelectrodes into the actual extracellular environ- 
ment of the cortex. Towe and Freeman (9, 2) display features which 
are not satisfactorily accounted for by these theories, such as a 
reversal of polarity with distance from an active neuron, as shown 
in Figure 1. The explanation is evidently related to the special 
nature of the environment. 


It is usual to make a distinction between the largely 
unmyelinated grey matter near the surface of the cortex and the 
myelinated white matter underneath. The grey matter is itself 
organized in two layers, the uppermost principally containing cells 
with an inhibiting action and a profusion of dendritic branches, 
such as the Purkinje cells. A little below them are the smaller 
cells of the granular layer; these are excitatory in action, but 
also have complex dendritic branches. There are no dendrodendritic 
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Figure 1. Growth in amplitude and changes in configuration of 
extracellular spike discharge as a microelectrode approaches the 
neural membrane (9). 


or dendrosomatic synapses, which shows that the dendrites function 
almost exclusively as receivers of electrical impulses and the 
axons as transmitters, so far as the neural network is concerned 
(Figure 2). Nevertheless, axons and dendrites occupy only a small 
fraction of the total extracellular space; the remainder is 
occupied by glial cells. These are classified as oligodendrocytes, 
which associate themselves closely with myelinated fibers, and 
astrocytes, which predominate in the grey matter (Figure 3). 


The layer of extracellular fluid separating neurons from glial 
cells has a remarkably uniform thickness of about 150 A. It has 
been variously suggested that the function of these glial cells is 
to separate or insulate neurons, and that they may serve to 
regulate potassium concentrations in the extracellular fluid, 
either directly or by diffusion of water thorugh the membrane; but 
it remains true today, as in earlier times, that their essential 
role is a matter of conjecture. At one time they were regarded as 
electrically inactive, but there is now a very large body of evi- 
dence to the contrary (12). Since the glial cells have no axon, 
they do not exhibit action potentials in the ordinary sense, but 
they do have a membrane potential comparable with that of neurons, 
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Figure 2. Nerve cells and fibers found in a single section that 


passes through the basal spiral turn of the cochlea (21). 


and can be partly or even completely depolarized by sufficiently 
large stimuli. In particular, they respond to changes in the 
external potassium concentration by partial polarization or depol- 
arization, with resultant changes of potential in the extracellular 
fluid comparable with those associated with an active neuron (i.e., 
up to several millivolts in amplitude), but on a time scale which 
is long compared with that of an action potential. By modeling the 
Debye layers associated with the glial membrane, we shall reproduce 
these observations and further show that they may serve at least 
one important purpose, other than that of regulating the concentra- 
tion of potassium: helping to transmit electrical potentials 
through the extracellular medium. 
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Figure 3. Oligodendrocytes in 7-week 


old rat (11). 
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In developing a model for extracellular activity we shall use 
a natural extension of the methods developed in previous papers 
(11-14) for the modeling of electrical activity in neurons. This 
work, based on the firmly established laws of electrostatics and 
ion dynamics, allowed the calculation of changes in electrical and 
chemical potentials in the Debye layers of the neural membrane 
during the course of graded and action potentials. It was shown 
that the temporal and spatial variations of these potentials were 
determined in principle by a dispersion equation which has reso- 
nances associated with ions present in low concentrations: calcium 
and sodium at the inner membrane surface. In this way the essen- 
tial role of calcium in these processes could be explained, but 
contributions to action potentials from the extracellular layer, 
small compared with those at the inner membrane surface, were 
neglected. In the extracellular environment, however, these 
contributions (of the order of several millivolts) are of major 
importance. We shall show in the next section that they are 
determined to a large extent by variations in the concentration of 
calcium and potassium ions, which can be appropriately called the 
calcium and potassium resonances. 


The role of calcium is similar to that identified for it at 
the inner membrane surface, but as we shall show, the period 
associated with the potassium resonance at its maximum is con- 
siderably longer than those of the calcium and sodium resonances. 
It is, in fact, of the same order as the observed period of the 
alpha-rhythm. But for reasons which will appear later, the rela- 
tion between the frequency of the potassium resonance and the 
alpha-rhythm is not as direct at this might suggest; synchroniza- 
tion of potential changes at the outer membrane surfaces of both 
neurons and glial cells is required. 


The function of this paper is to present our preliminary 
findings concerning the role of potassium ions in extracellular 
activity of various types. There is a very large amount of 
experimental evidence on this question, which has been admirably 
summarized in another review article by Somjen (17). Some of the 
more relevant facts, derived from many sources, are as follows. 

The concentration of potassium in the extracellular fluid of the 
cortex, and in the cerebrospinal fluid in general, is in a small 
range near 3 mM/1, significantly below that of the blood, and is 
very stable except under abnormal conditions such as anoxia. The 
diffusion constant of potassium measured in brain slices is only 
1/20 that of ordinary aqueous solution, and considerably below that 
of intact brain. Such diffusion is far tov slow to account for the 
transient changes associated with neuronal activity, so some 
unidentified form of active transport must occur. Deviations from 
Nernst's relation ( ¢- ¢, = constant) across the membrane are 
rapidly reduced, except hen the external potassium level is very 
much lower than normal. However, the response of glial cells to 
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changes in external potassium concentration is not at all times in 
accordance with Nernst's relation, and is therefore not simply 
passive. Diffusion of potassium across glial membranes is abnor- 
mally rapid, except where glial sheaths intervene. These facts, 
many of which are puzzling at first sight, are immediatly intel- 
ligible in the light of the rapid transport of potassium associated 
with the potassium resonance in the extracellular environment. 


The interest of this investigation is heightened by recurrent 
suggestions that potentials in the extracellular fluid may provide 
a means of communication and transfer of information between 
neurons additional to, and to a large extent independent of, the 
synaptic connections of the neural network. Marrazzi and Lorente 
de No (18) summarized and added to the experimental evidence 
already existing at that time, showing that (i) impulses traveling 
in a neural fiber may act as liminal stimuli and set up new 
impulses (graded or action potentials) in neighboring fibers; (ii) 
the passage of an impulse along a fiber or group of fibers may 
modify the electrical excitability of the neighboring fibers; and 
(iii) such interactions may serve to synchronize spontaneous firing 
rhythms and modify the speed of conduction in neural fibers. In 
the work already referred to, Rall (8), cited later experimental 
evidence and independently raised the question whether it was 
physically realistic to think in terms of a coupling between 
neurons through extracellular potential gradients. He concluded on 
the basis of a rough calculation that an extracellular potential 
gradient of 5 mV/mm could modify the somatic potential by as much 
as 1 mV, but pointed out that more detailed calculations were 
called for. 


In the following sections, we shall develop a preliminary 
model of the extracellular field at the microscopic level. 
However, for some purposes it is desirable to have a corresponding 
macroscopic theory of the intra-cortical field. Because of the 
geometrical complexity of the extensive system of neurons and glial 
cells, such a theory must necessarily be of a statistical charac 
ter. Since the system has short-range but no long-range order, a 
description similar to that of liquid structure (19,20) seems 
appropriate. In a subsequent paper we will present a statistical 
theory directed toward this end, a few preliminary ideas of which 
are outlined in the APPENDIX. 


THE POTASSIUM RESONANCE 


Here, as in our earlier work (13, 14), we shall make use of 
the following fundamental relations between the ionic number 
densities n_, the chemical potentials $ , the ionic current 
densities j and the electrical potential d 3 
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no = a. exp ( ~Be, o.) 

J, = en iv(¢. —$)/8, 

dn_/dt = nV. (j,/e,n,) 

vo00O= (4n/k)E,e 1, (1) 


Where the subscript a takes the values K, Na, Ca and Cl, corres- 
ponding to the types of ions which we wish to consider. The n_ are 
values of the n_ at some undisturbed point, relative to which 
chemical potential differences are measured;8 = 1/(kT) is inversely 
proportional to the absolute temperature; the e_ and 9 are ionic 
charges and resistances; and k« is the dielectric constant. Al- 
though the 0. do vary somewhat with the degree of hydration of the 
ions and the polarization of the electrolytic fluid, they will be 
regarded as constants for phenomena on the time scale in which we 
are interested (10° sec to 10 sec). Thus the large variations 
in the conductances en /6@ postulated by Hodgkin and Huxley in 
their well-known model of fhe action potential, and by others 
following them, will be attributed to variations in the ionic 
densities in the Debye layers of the neural membrane. 


From eq. 1, it is easy to derive the coupled set of nonlinear 


equations d $ 
Sa vo, +E, Ce (e “bb Ly) 

Ya “dt a” “b “b (2) 
Where thea, =fe, are just the tonic valencies if a suitable unit 
(24 mV) is biopted for the potentials, the C, = 47fRe n?’/« are 
products of the valencies and _ the fixed concentrations (in m™ if 
the unit of distance is 14.7 A at a temperature of 310°K), and y 
is the mean resistance of the membrane and its associated Debye 
layer for thea- th type of ions in the dynamical state (taken to 
be a constant). It follows from eq. 2 that an arbitrary small 
change 6¢ of the > in time or position will satisfy the linear 
equation a 


d($$. ) (3) 
where edt v(86,) - EHO C, Oo, 


C, = C.° exp ( - Ch, oy ) =7 Ben /k 


If, as is often so, particularly in the extracellular fluid, the 
variations are independent of the o this equation can be solved 
by means of the ansatz 


d(S¢.) 4 
v4 (844) = Pp ‘ + q5¢. ( ) 
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Where P and q are, in general, functions of position. As in our 
earlier work, we are not interested in solutions which either tend 
rapidly to zero with time, or grow rapidly and therefore fail to 
satisfy the condition that 5o. should be bounded. Consequently we 
look for periodic solutions and find, as before, that the admis- 
sible frequencies w satisfy the dispersion equation 


a,C 
pt = (5) 


“bq + 10 (p “Yp) 
since the denominator is complex, this resolves into two real 
equations connecting P, q and w. These equations are solved most 
conveniently by substituting values of p within the admissible 
range (between Ye and Y ? wyhexe W may be real), and determining 
the roots of the cubic Fs q /w' which results from taking the 
imaginary part of eq. 5. The real part _of this equation then 
determines the corresponding value of q = and hence of W. 


e|S 


or 
27 @ 798 


D =110 


n=] n=2 nz3 


Figure 4. Possible eigenstates of potassium potential propagating 
in an extracellular neuron-glial cleft. | 


The general character of solutions for the inner membrane 
surface of certain neurons of interest in invertebrate neurophysi- 
ology has already been described in earlier papers (13, 14). For 
the neurons of the vertebrate cortex the solutions are quite 
similar and will not be discussed here, but it is worth noting that 
the concentration of calcium and sodium (C a -075 mM and C as 
12.5 mM) are considerably higher than in the work on invertebrates, 
and that the level of sodium is near the upper instead of the lower 
limit at which an action potential is possible. This suggests a 
regulating mechanism in which the elimination of sodium as a result 
of the metabolic processes of the cell is routinely offset by some 
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form of activity tending to raise the sodium concentration. Action 
potentials are of course one such form of activity, but because of 
their occasional nature they must be supplanted by some other 
process during quiet periods. We are therefore led to consider the 
possibility of activity at the outer membrane surface. The 
concentrations in the extracellular fluid (C. = 3 mM, C 150 mM, 
C, = 1.25 mM, C., = -125 mM) are very diffexent from Nase 
considered previsusly, and the structure of the roots of eq. 5 is 
correspondingly different. 


The resonances, as at the inner membrane surface, are asso- 
ciated with the ions at low concentrations, in this instance 
calcium and potassium ions, and are characterized by small values 
of q, which correspond to values of P just below Yo and just 
above y,, respectively. The properties of the potas$fum resonance, 
as will be shown, are not precisely analogous to those of the 
sodium resonance, partly because Y, - P is negative, and partly 
because there is approximate electrochemical equilibrium between 
potassium (but not sodium) in the extracellular and intracellular 
fluids. Of special significance from our point of view are the 
remarkably small values of q and w associated with the potassium 
resonance, which imply that both the thickness of the extracellular 
Debye layer and the time scale of potentials in this layer are much 
longer than those at the internal surface of the neural membrane. 
This is fully consistent with the experimental data referred to in 
the first section. In physical terms, the explanation is related 
to the fact that the degree of hydration of the potassium ions is 
less than that of other types of ions in the electrolyte, so that 
the resistance y,, experienced by the potassium ions is also much 
smaller than the other y_- 


The role of calcium in exciting the potassium resonance is 
similar to that described in relation to the sodium resonance at 
the inner membrane surface in our earlier work. A computer 
simulation much like that described before (14) shows that, because 
the calcium is in relatively greater abundance, the associated 
resonance is even more easily excited. The largest fluctuations 
are, of course, in the calcium concentration; but there are also 
fluctuations in the other tonic concentrations. In the case of 
potassium these are sufficient to excite resonant states with 
amplitudes in the nonlinear domain. 


The potassium resonance may also be excited by the external 
fluctuations in the sodium concentrations which follow an action 
potential in a neuron, or by fluctuations in electrical potential 
in the extracellular fluid. Moreover, small fluctuations in the 
potentials at the surface of a glial cell will excite this reso- 
nance in exactly the same way as at the surface of a neuron, 
establishing that such activity is by no means limited to the 
neural network. 
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EXTRACELLULAR ELECTRICAL ACTIVITY 


We wish to consider the propagation of a potential between an 
axon and a glial cell, between two glial cells, and between a glial 
cell and the dendrite of a neuron. It is expected that this 
activity will be associated mainly with the potassium resonance, 
since this is the only resonance with an amplitude of more than one 
mV in the extracellular region. The sodium resonance will not 
extend far outside the membrane, while the calcium resonance will 
be of small amplitude. Denoting by ~_ the contribution to the 
potentials o. from the potassium resonance, the equation 

oy 
2 a 
a i a (6) 
-%5 


must be satisfied, where p= y, “71.08 and q » the thickness of 
the associated Debye layer is of the order of 1000 &. 


If z and r are the longitudinal and radial coordinates, 


then ov. ] oy. 


and 


(7) 


where v_ and v_ are the longitudinal and radial velocities of 
propagation, and k_ and k_ are the longitudinal and radial attenua- 
tion coefficients. The signs adopted assume propagation in the 
increasing z- and r-directions; all signs are reversed on the 
right hand side for propagation in the decreasing r-direction. 
Assuming v, to be much larger than v. and k_ to be substantially 
smaller than k_, as it must be if the potential is to propagate 1 
mm or more between nodes along the axon, substitution in equ. 6 
reduces to D 
aw 2k OW 9 
] a r a p 
eH ee 2 = _ a 
ye ot V ot * Ky Va Pat 4, (8) 
r 
At small amplitudes, and also to a good approximation in the 
non-linear region, the potential is time reversible; thus we have 
2,2 2 
- + - 
w/v. kK. = q 


- (9) 
2k /V. = Dp 


where w is the frequency deduced from the linearized theory. As D> 
q and w are known, the above equations determine v. and k. : 
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Vv. = ck /p 


(10) 


2 
Ke Pewe/4ke = 


1 
Obviously k_ > q , and if q were not very small the radial 


propagation would be attenuated so strongly that it could not reach 
between an axon and a glial cell. 


If v, =f (t) for r = ron the outer surface of the neuron 
(or glial cell§, the solution of equ. 8 is 


-k (r= ro) r-r (11) 


- r 
v,7e f, (t - ——) 


for r > r_ in the extracellular fluid. To this we should add a 
solution propagating in the opposite direction, corresponding to 
the potential evoked at the external surface of the opposite cell: 


“kip? - , r--r 
sy, =e k(r¢ r) f(t - 2) (12) 


where ro - r = d is the separation of the two external surfaces and 
f(t) is the evoked potential at r = ro 


For small amplitudes 


f(t) = f(o) cos (wt) 
F(t) ~ f5(0) cos [w(t - d/v, - 6)] (13) 


where d/v_ represents the time of propagation of the potential 
between the two surfaces, and 6 is the delay in response of the 
glial cell, which will depend on the amplitude of the stimulus and 
must be determined from the computer program mentioned earlier. 


For r+ (r_ = roy/2, the most likely position of a microelec- 
trode halfway between the two surfaces, this gives 


-sked 


y(t) = e er f cre cos [w(t - d/2v., - 6/2)] 


+ [f! sin [u(t - d/av, - 5/2)1| (14) 


where f and f. depend on the relative magnitudes of fs and fi. 


Cylindrical or spherical symmetry would no doubt be more 
appropriate than the plane symmetry assumed in the above analysis, 
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Co 
— 
© 


but this could not change the results by more than a factor of 
order kd. In any event, it is clear that potential variations of 
the type observed with invasive electrodes and presented in Figure 
1 could result from the superposition of terms in equ. 14. 


SOLUTIONS IN THE EXTRACELLULAR REGION 
Our method of solving 


ea a°o, +0, 2 (e “OH? h 1) (15) 
Ya Ot 2 b “b 
aX 
in the extracellular region, where the C 
essentially as follows: we write 


X x +d 
= x? dx + ° re d 
4 , a OX f 4 ox (16) 


where Xe is the contribution to the potential from the neuron (or 
glial cell) and x, the contribution from its neighbor at distance d 
(200 A). Then we may also write 


Oo 


» are constants, is 


Tuy re) Gg . 
= xX, + k= a (17) 
3X 
By differentiating equ. 15 with respect to x we get 
aX, atx 
Y. ar -—f - ) a C, X 
a ot 5 xe b b “b “b 
“a > 
_ 0 b ‘b (18) 


Note that X (x,t) depends on x only through the ambient 'con- 
centrations’ (ac ually ambient charge densities) C,, which in turn 
depend on values of X, (x*, t) for x” < x and values of x& (x*, t) 
for x°> x. We can regard the C, as already determined; our task is 
to determine xo We begin by writing 


K, (xst) =f X(poxst) H(P) dP ag, 
where aX, OX y (20) 
a2 UP Et GX It q(p) 


using the ansatz. From equ. 18 we then have 
3X — 
a. y - C, X 
(y, - P) E aX. - ) bd % % Xb @1) 
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from which it follows in the usual way that jot 


X, = OR “s (22) 
(p-y, )iwtq 
where f is a complex ‘constant’ of integration (which actually 
depends on x) and q and w are determined in terms of p and the 
concentrations CG. by 
C 
“bb 
—_2-- =] 
b . 
(P-v,, )iwtq (23) 


-- a complex equation equivalent to two real equations. To satisfy 
boundary conditions and also to insure stability, p must be re- 
stricted to ranges between Ye and Yua? and between Ywia and Vea? 
the usual way. 


in 


To determine the x-dependence of f in reasonable approximation 
we neglect the relatively slow variation of the concentration Ch 
with x, so that according to equ. 20 we must have 


> = (piata)f en) 
and 9) g ax 
f=f +f 
£0 = £0 @ ~H(X-X,) £9 = ke U(X-x,- 2d) 
ue = (piwtq) (25) 


together with the condition that $ should vanish at the glial 
membrane. 


The result of the above analysis is to show that, to a reason- 
able approximation (treating the C, as constants neglects certain 
minor nonlinearities) potentials are attenuated as exp(-ux), inde- 
pendent of amplitude, in the extracellular region. 


We can therefore suppose that the potential of the glial cell 
membrane surface satisfies 


0 
dp 9 wc -a(,° +295) 
(y,- P) ge = 94," + Lp & Le - 1) (26) 


while that of the neural membrane surface satisfies 


dye 


_ _ -a, (6° +46.° (27) 
(ys - P) t= en® + J, 6? Ce b b g) 
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where A = ev luld represents the attenuation factor, ignoring for 
the moment any indirect activity of the neuron. 


In first order nonlinear approximation, these last equations 
yield the relations 
“ , 9 Do (Gn9 + 24, °VE1 - 7 0 (0,24 26,90] 
(y. - p) t = 9. - b% (o, ro, y) Ou, a + / b 


0 (28) 
ar + 1,7)] 


_ _— 0 ] 6) 
(y, - Pat = 9, - Ly op Oa TAO DLT - poplds 


-- coupled nonlinear equations of the van der Pol type. We expect 
these equations to have periodic solutions with a definite ampli- 
tude, as well as attenuated solutions and growing solutions which 
must be rejected as not satisfying boundary conditions. We also 
expect to find a solution with a frequency near w and another with 
a frequency near 2w, reflecting the presence of a- and B-waves. 


The value of \ in equ. 28 depends quite sensitively on the 
real part of yp , which in turn depends sensitively on w. Also, 
the response time 1 of the glial cell to a signal from the neuron 
depends on the value of A. Thus t is a function of w, and it may 
be argued that t(w) must be a multiple of tw, i.e., that there 
exists an eigenvalue equation of the form 


t(w) = a (29) 


for determining w. 


The argument is that, to obtain stable oscillations, the time 
required for the glial cell to respond must be half, or some 
multiple of one-half, the period of the oscillation. The time of 
propagation of a signal between a glial cell and a neuron could be 
negligible compared with the response time (even at a very low 
velocity of propagation, 200 A would be covered in a small fraction 
of a ysec); and on this assumption, it is necessary for the 
response time to be in phase with the oscillations to avoid 
constructive (leading to instability) or destructive (leading to 
rapid quenching) interference. 


Generalizing the above argument, the eigenvalue condition 
becomes a dispersion equation, which permits a small range of 
frequencies for botha- and B-waves, and also allows for the 
propagation of these waves in the longitudinal as well as the 
transverse direction. The time of propagation between the adjacent 
surfaces then becomes significant. Instead of equ. 15 we must 
write 
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2 2 
ot aye 37° b “b 


since the velocity of propagation in the longitudinal direction may 
be considerably less in the a- and 8-modes than for an action or a 
graded potential. If v, is the velocity of propagation in the 


-0, > 
(e b'b -1) (30) 


z-direction, 2 
ag. 2 (31) 
ze V2? at 
If we retain the ansatz (equ. 20), equation 21 becomes 
_ Views 
OX 0X : 
a._l _ 3 . X 
(y, - P) EF Vee ote +a ik, 2 ance, (32) 
Then equ. 22 is changed to 
_ fe lat 
X = R ——————___ (33) 
(p- Y,) iwt+q 
where 
_ oe 
Q=q - 7) (34) 
Vy 
and q satisfies the same equation as q, 
by 
b (py, )iwtG 
P-¥ surg (35) 


when w/v" is neglected. Obviously the effect of a small velocity 
of propagation v_ is to increase the value of q. This will not 
significantly reduce the thickness of the Debye layer, 


1 7 


- 7 _> (36) 
apc te hat Mate a Py? 
provided 

2e 

VL? = 
zm”? (37) 

The radial velocity of propagation is 
1/2 1/2 

v, = 2un/p = [2q +2(w“p*#q2) ] /p (38) 


which depends only weakly on q (because w’p*>q2), and hence on the 
wave vector k =w/v_ of the longitudinal motion, so long as the con- 
dition in equ. 37 {s satisfied. From this it appears that 

v,. = (2w/p)2 is a good approximation. The time of transit across 
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the external cleft between the neuron and glial cell must therefore 
be (p/2w)7*d, and for d ~—15 (or 150 R) this proves to be of the 
same order as the response time. Consequently, both must be taken 
into account in formulating the desired dispersion equation. 


1 
Adding the time of propagation (p/2w) 2d to the response time 
t(w) and, by the same reasoning as before, equating this to a 
multiple of the half period, we obtain the generalized eigenvalue 
equation 


(p/2u) '/4d +t = nn/w (39) 


or more accurately, the dispersion equation 


d/v, + T= nt /w (40) 


with v_ given by equ. 38. This latter form shows the dependence on 
the wave vector k = w/v_ contained in q = q +k , but the amount of 
dispersion is clearly quite small. 


Within the 40-100 msec range, t is rather insensitive to the 
period T = 21n/w, and has a value of apout 10 msec. If n= 1 we 
obtain from equ. 39, T = 20 + 15(T/7)* —110 msec, but if n = 2 the 
result is T = 10 = 15 (T/4n)? = 38 msec (see Figure 4). These 
values are in reasonable agreement with reported values for the a- 
and g-waves. For n = 3, however, the time of transit is of the 
same order as the response time, and it is difficult to discern a 
definite period. 


It should be noted that the boundary conditions of a cell 
which is active (permeable to potassium) are different from those 
of an inactive membrane containing electrolytic fluid. For the 
latter, both @ and 7x, Would have the same value a the two sur- 
faces. The glial cet will also have the same value of 4 7- at its 
two surfaces, but will acquire a surface electric dipole moment 
which varies in a rather complex way with > , the field propagating 
from an extended source. The effect of this dipole moment is to 
produce a potential difference across the membrane surface equal to 
66, as determined by our nonlinear equation. In the nonlinear 
domain, 6 + 66 = 0, when $6 attains its maximum, just outside the 
membrane surface. In the linear domain, resonant behavior produces 
slightly nonlinear oscillations. 


Additional to these macroscopic boundary conditions, there 
are, of course, microscopic conditions which must be applied to 
obtain stable solutions of the nonlinear equations. These and the 
foregoing boundary conditions will be described in more detail in a 
later paper. 
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APPENDIX 


Since the extracellular environment has no long-range struc- 
ture, a statistical description somewhat analogous to that used for 
liquid structure seems appropriate. The mathematical formulation 
is in terms of a set of probabilities v_ (X), v (X,X'), v 
(X,X',X"), .... where r, s, t, .-.. take 3 “values: e for extra- 
cellular fluid, n for neurons and g for glial cells. Then V(X) 
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denotes the probability that the point X is in the extracellular 
fluid, V(X) the probability that it is in a neuron and v_(X) that 
it is in a glial cell while Vo (X,X') denotes the probabifity that 
X is in the fluid and X' in a glial cell, etc. Obviously 


and 


and so on. Also, because of the absence of long-range order 
v...(X,X') = v_(X)v_(X') for large |X - X'|, v (XX",X") a 

Vy X)vst(X',X") for large [X - x" | and 1x - xf, e+. Obviously, 
v_(X) is just the fraction of extracellular volume, v (X) is the 
fraction of neural volume, ...-3 and these can be determined from 
observations. For small values of |X - X']|, |x' - x"], .... the 
functions v_(X,X') and v._(X,X',X") determine the short-range 
order, or structure of the system. 


Other statistical properties can be determined from the 
vy ~functions. For instance, since Van xX) obviously vanishes, for 
small 6§ 


Von(X> X + §) 


iT 
< 
( 
a 
a 
[>< 
l>< 
+ 
| Oo 
ed 
' 
< 
re) 


Thus if 


oP (X) _(X) is the probability that a small displacement 6 will 
move from the point X in the extracellular fluid across the 
membrane of a neuron. Then the direction of P(X) defines the 
normal to the neural membrane, while its magnitude is the increase 
of the distance of separation of the neuron and the neighboring 
(glial) cell. These functions can also be assumed known form 
observation; they determine the geometrical characteristics of the 
intracellular environment. 


The v-functions are obviously analogs of the number distribu- 
tion functions na? Tay? “aber core of the ionic theory of electro- 
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lytes transferred to this purely geometrical context. To determine 
the extracellular field on analog of the velocity distribution 


functions f.> f ob? f abe? ~»+- is needed. Calling these ra ra,sb 


eee, Where at v (X,¢,, t) satisfies a linear differential 
equation similar to that satisfied by xX. above, then 


3 Ya me b? b 


2 
——eee _ 0 


determines the macroscopic potentials  (X, t) and $ (X, t) 
a‘ a‘— 
through the equation 


— 2 
v(X) $, (Xt) = oy Yeats b> t) d° 
for the extracellular fluid, or the equation 


o,(X, t) = ) ca ie (X, % t) d°4 


for the inhomogeneous medium as a whole. 
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INTRODUCTION 


Considerable efforts have been made during the past two de- 
cades to explore the relationship between ambient field strength 
and flux values of electromagnetic fields and field strength values 
or specific absorption rates (SAR) in man and animals (1). These 
macroscopic studies extend over the total frequency range from very 
low frequencies to the microwave range and established the "cou- 
pling" mechanism which relates in situ to external ambient values. 


In contrast, virtually nothing has been done to relate local 
in situ field values to field values in the various cellular 
compartments. These include the outer membrane and its extended 
“fuzzy” surface structures, membranes of subcellular organelles, 
such as mitochondria and cell nucleus, membrane structures con- 
necting with the outer membrane such as the tubular system and 
endoplasmic reticulum and the various interior compartments 
surrounding proteins, nucleic acids and the cytoskeleton. This 
more microscopic task becomes now increasingly urgent as efforts 
increase to formulate a possible nonthermal field interaction 
mechanism at the cellular and macromolecular level. Clearly, in 
order to quantitatively apply whatever direct interaction mechanism 
that may be of interest to any particular cellular compartment, one 
must utilize the relationships which connect in situ field values 
or field values in the extracellular medium to values in the 
compartment under consideration. We will present an outline of 
some relationships already established, and indicate others 
requiring further work. All sorts of strong frequency dependencies 
will be noted, quite distinct for each compartment. We speculate, 
therefore, that any nonthermal effect should be highly frequency 
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dependent for a given internal field or SAR value throughout the 
total RF and ELF range. Finally, we will briefly summarize some 
nonthermal effects which have been of rapidly increasing interest 
in recent years. 


Membrane Potential 


For a spherical cell of radius R in a medium with the field 
strength E, the induced membrane potential is (2): 
Vm = 1.5ER (1) 
Yl + (wT)? 


Wangular frequency and with the time constant T 
T = RC(p, + 0.5 p,) (2) 


where,C the membrane capacitance per membrane unit area near 1 
uF/cm” and the specific resistances of intracellular and extra- 
cellular media arep; andp, of the order of 10 mS/cm (3). The 
effect of the membrane conductance can be neglected (3). The 
cutoff frequency fc = 1454 T for typical cell sizes is therefore in 
the upper KHz to lower MHz range. For E ~ 1 V/cm the low frequency 
membrane potential is in the mV range for typical cell sizes and 
proportional to radius R. The high frequency potential Vo is 
independent of R. 


V, = 1+SER; Veo = 1.5E/wC(Py + 0.50.) (3) 


log AV,, 


fe log f 


Figure 1. Frequency dependence of induced membrane potential. 
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Equations 1 and 2 and the conclusions derived from then, 
tacitly assume frequency independence of the membrane capacitance 
C. However, the apparent membrane capacitance changes at low fre- 
quencies for a variety of reasons, associated with connecting 
membrane systems and membrane environment. In addition, the 
membrane itself is likely to display capacitative and related 
conductive changes (5). Experimentally observed dispersive changes 
require the introduction of inductive elements in equivalent 
circuits. These inductive elements in combination with the 
capacitative components can give rise to resonances, so that the 
admittance magnitude can become large for certain combinations of 
frequency and applied DC potential. These singularities may well 
affect our conclusion of a frequency independent membrane potential 
below cutoff frequency fc. Almost nothing has been done to inves- 
tigate this problem so far. 


Intracellular Field Strength 


The intracellular field strength and potential must sum 
vectorially with the membrane potential to account for the total 
potential drop across the cell, which is 1.5 ER. The intracellular 
field strength is given by: 

Ey = 1.5ER ——“2 __ (4) 

v1 + (WT) 


if intracellular and extracellular resistivities are equal. If 
they are not, a somewhat more complicated expression results. The 
frequency dependence is obviously that of a low pass filter with 
the cutoff frequency identical to that of the membrane potential. 


log Ei 
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fe log f 


Figure 2. Frequency dependence of intracellular field strength for 
a constant extracellar field strength. 
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Well below this cutoff frequency, the intracellular space is well 
shielded, and the external field is not expected to interact with 
internal macromolecular content and organelles. Above the cutoff 
frequency internal field strength rapidly approaches values 
comparable to those in the extracellular space. Thus the radio- 
frequency range is characterized by a shift from more likely 
membrane interactions at the lower frequencies to interactions with 
components of the intracellular mediun. 


Membrane Potential of Nucleus and Organelles 

If the internal field strength would be frequency independent, 
subcellular membrane potentials would obey the same rules outlined 
for the outer membrane. However, the internal field decreases with 
decreasing frequency as stated above. Thus, the membrane potential 
of organelles is obtained by multiplying the expressions 1 and 4 

V, = 2-25RE OT, (5) 


v(1 +wT))Q1 +wT,) 


where T, and T, are time constants as given by equation 2, with 
radii equal to that of the cell and the organelle. The membrane 
potential is fairly frequency independent between two frequencies 
whose ratio is given by the ratio of linear cell and organelle 
dimensions. It drops off outside this range and is identical with 
the outer membrane potential at high frequencies. 


Field Strength Inside Organelles and Nucleus 


The medium inside organelles is double shielded from the 
external field by cellular membrane and organelle membrane. Hence, 
it is exceedingly weak at low frequencies, slowly gains above the 
cutoff frequency of the cells and increases rapidly above the cut- 
off frequency of the organelle, and shortly thereafter approaches 
values comparable to those in the extra- and intracellular space. 


log AV, 


fe fn log f 


Figure 3. Frequency dependence of the induced nuclear membrane 
potential for a constant extracellular field strength. 
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Intracellular Membranes Connecting with the Outer Membrane 

The potential across such membrane structures may be es- 
tablished by modeling these systems following a suggestion by Falk 
and Fatt (4). The inner membrane system contains a medium which is 
in contact with the outer cellular medium through a small "access" 
impedance of primarily resistive character. It thus appears as a 
large capacitor in series with the access impedance, the total 
series combination in parallel with the outer membrane. The cutoff 
frequency of this system is estimated to occur at frequencies below 
1 KHz and thought to account in good part for the low frequency - 
dispersion of the dielectric properties of tissues (3, 5). Hence, 
the intracellular membrane systems considered here experience 
membrane potentials identical with those of the outer membrane only 
at very low frequencies and rapidly decreasing potentials at 
frequencies above theo ~—dispersion range. 


The space enclosed by these connecting membrane systems is 
exposed only at very low frequencies to field values similar to 
extracellular values. As the frequency increases above the g 
-dispersion range the “access” impedance consumes most of the 
available potential and the membrane surrounded space appears 
largely field free. On the other hand the access to the membrane 
surrounded space is subject to nearly the same high field values 
imposed on the outer membrane. 


An extension of these considerations is necessary to deal with 
the complexity of interconnecting membrane systems. Only a few 
epidermal systems, such as the gall bladder epithelium, have been 
investigated to a sufficient extent to propose equivalent networks. 
From the data provided by Schifferdecker and Froemter (6) it 
appears that frequency dependencies for the field in various 
components of these highly complex structures extend through the 
low frequency range up to about 20 KHz. Components include various 
cellular membrane systems, gap junctions and intracellular media. 
No attempt has been made yet to analyze fully the potentials and 
field strength values in all of these components as functions of 
frequency. 


Outer Membrane Region 


We shall neglect the possible role of membrane-bound water. 
Protein-bound water extends to a distance of only a few angstra. 
It, therefore, should contribute little to the effective dielectric 
properties of cells. It also appears not to hinder effectively 
ionic transport through the membrane. These arguments are fairly 
qualitative and rely on the similarity of membrane bound and 
established protein bound water. 
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It is well known that membranes, about 100 R thick, are 
surrounded by brush-like glycoprotein structures which extend 
another 100 A or more. Fixed charge densities of about one 
elementary charge per 10 square & have been repeatedly quoted in 
the literature. Does this extended fixed charge distribution and 
associated counter ion cloud affect the potential distribution 
about the cell? 


Schwarz has calculated the amplitude and relaxation frequency 
of the low frequency dielectric dispersion resulting from the 
movement of the counter ions with the alternating field (7). Using 
these expressions one obtains readily only a small contribution to 
the effective dielectric properties of typical tissue cells. This 
would imply that the outer cell structures do not materially affect 
the fields reaching the cell itself. However, it has been estab- 
lished that the tonic concentration profile near the cell surface 
and its fixed charges consumes a significant fraction of the 
potential applied to the total membrane complex (8). This would 
imply that the cell proper is significantly shielded by the fixed 
charge influenced ionic environment. Virtually nothing is known 
about the likely frequency dependence of this effect. If the 
pronounced low frequency-dispersion effects reported for a variety 
of cells are related to counter ion movement instead of cellular 
membrane invaginations, the shielding effect should vary accord- 
ingly through the low frequency dispersion range. The mechanism 
responsible for the cellular-dispersion data have not yet been 
entirely clarified (5) and the applicability of the Schwarz model 
is questionable, since it assumes a homogeneous distribution of 
fixed charges at the very surface of the cell. The effect of the 
distributed counter ion atmosphere near membranes on the potential 
distribution of cellular compartments remains, therefore, elusive. 


Macromolecules 


The influence of membrane bound water is estimated to be small 
as indicated above. However, it has a marked effect on the field 
which reaches proteins. This is caused by the relatively large 
amount of hydration of such macromolecules, typically in the range 
of about 0.3 g bound water per gram protein. Protein bound water 
is believed to undergo a marked relaxation, centered above some 
hundred MHz and characterized by a fairly broad distribution of 
relaxation times (9, 10). Through this frequency range the 
dielectric constant of this bound water decreases from near 80 to a 
few units. Therefore, the macromolecule is partially shielded from 
the external field in a frequency dependent fashion and depends on 
all the parameters involved. 


In the radio frequency range proteins display another relaxa- 
tion effect, most likely to be caused by their permanent dipole 
moment (11). The total hydrated molecule attempts to oscillate 
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with the alternating field. No particular shielding effects need 
be considered since the successful theoretical treatment considers 
the rotation of the hydrated protein, i.e. the bound water is 
believed to move with the protein. 


The dielectric properties of nucleic acids are more complex 
and only in part understood (12). It is therefore, not possible to 
model their frequency response and to apply the comments made about 
proteins. 


Analytical Tools 


The mathematical tools needed to determine field strength 
distributions at the cellular level have existed for some time and 
have been successfully applied to analyze the electrical properties 
of cell suspensions and tissues. They are essentially based on 
two theorems first presented by Maxwell (13). The first one states 
the conductivity of a suspension of particles of a given conduc- 
tivity in a medium of different conductivity. The second states 
that it is possible to replace a particle surrounded by a shell by 
an "equivalent homogeneous" particle so that the external field 
remains the same. It states the equivalent conductivity as a 
function of shell and particle core conductivities. These rela- 
tionships can be readily extended to the complex case by replacing 
real conductivities by complex ones. The exact derivation of the 
second problem is based on the solution of the Laplace potential 
equation for a spherical particle with a shell and provides, at the 
same time, the fields in each compartment. 


The process of replacing a shell surrounded particle by an 
equivalent homogeneous one can be repeated in reducing an n-shell 
particle step by step to one. It has been shown that a suspension 
of shell surrounded particles can be stated precisely as a sum of 
two Debye-type relaxation expressions (14). By extension of this 
result the electrical behavior of an n-shell surrounded particle 
Suspension can be written as a sum of n+ 1 relaxations. All this 
can be cast in terms of equivalent networks. A formulation of the 
multiple shell case in terms of a finite ladder network was first 
given by Fricke (15). Simple closed form expressions for the 
dispersion terms and equivalent network elements for the one shell 
case have been provided by Schwan, (3) Schwan and Morowitz, (16) 
and Pauly and Schwan (14). An improved mixture theory for higher 
cellular volume concentration has been given by Hanai (17). A 
number of numerical approaches utilizing computers have been 
developed. Irimajiri, for example, used such a technique to 
analyze cells with nuclei (18). 


The dependence of the induced membrane potential on the 
external field as stated in Equation 1 has been presented several 
times before with the conclusion that microwave field induced 
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membrane potentials are for typical exposure conditions only in the 
range or less (19, 20). More recently, Drago et al., have under- 
taken a rigorous treatment investigating a number of cellular field 
strength values of interest, using a multi-component model of the 
cell including eight shells (21, 22). These papers are much more 
detailed than this one in stating the mathematical approach, 
obviating the need for doing so in this paper. Their model assumes 
that the counter ion atmospheres behave as stated by the Schwarz 
equations, an assumption of questionable validity as discussed 
above. They also assume that the bound water's dielectric behavior 
is characterized by a single relaxation time, instead of the 
spectrum reported by different investigators. But these are 
relatively minor points and their results support the general 
conclusions arrived at above, pointing out the highly frequency 
dependent fields applied to the various cellular compartments. 


Some Nonthermal Interactions 


We shall not be able to review the extensive literature on 
membrane excitation phenomena and some extraordinary membrane 
sensitivities. But a brief summary of biological manifestations of 
“pondermotoric” forces resulting from alternating electrical fields 
will be attempted (23, 24, 25). These forces emerge above a thres- 
hold field strength value E,,. Above this threshold the electric 
forces are larger than random thermal ones and the effect of 
interest emerges. A rather approximate threshold field strength 
value is given by the equation: 


pis? = 


E 8. 10> Vem (6) 


th 
with R particle radius (24). The equation applies fairly well for 
the phenomena of pearl chain formations, i.e. the alignment of 
suspended particles in the field direction. Other effects occur at 
comparable field values. As the equation indicates, the threshold 
value E is strongly dependent on radius R. For (R=l um EY = 
30 V/cm, but for cells of radius 100 ym E , is only 0.03 V/cm. 
Previous theoretical contributions were largely based on energetic 
considerations (24,25,26). They have been criticized recently 
since the definition of the potential energy of a particle exposed 
to an alternating field remains evasive in the presence of dissipa- 
tive and dispersive properties characteristic of biological struc- 
tures (2/7). Sauer (27) provided a rigorous derivation for the 
force acting on a particle and the particle trajectories leading to 
the pearl chain alignment. Integration of this force over the path 
leading to particle alignment and equating this work with KT can be 
shown to yield a similar equation as the one stated in Equation 6, 
thus, perhaps explaining the apparent agreement of Equation 6 with 
experimental results. 
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Figure 4. A summary of various field induced force effects acting 
on cells and depending on frequency and field strength. 


Figure 4 attempts to summarize a variety of different 
phenomena which have been demonstrated so far and all appear to be 
caused by alternating field induced forces. These effects as well 
as the effects of fairly large potentials of the order of 1 V 
applied across membranes have been extensively studied in recent 
years. Zimmermann, Benz and their colleagues (28) have investi- 
gated in great detail the effects of briefly imposed membrane 
potentials and how they can be used to cause both reversible and 
irreversible local membrane destruction and how to utilize this 
effect to facilitate increased exchange of material from the 
extracellular to intracellular space. Neumann has recently 
demonstrated very large increases of cellular DNA uptake utilizing 
these electrical techniques (29). Of particular interest has been 
the possibility to greatly facilitate cellular fusion. Use is made 
of a combination of the pearl chain effect caused by moderate 
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alternating field with brief strong pulses which result in membrane 
destruction at adjacent sites and formation of larger cells 
containing several nuclei. Using some of the principles outlined 
above, it should even be possible to selectively fuse the nuclei. 
An excellent and detailed recent summary of all of these efforts 
has been given by Zimmerman (28). 


The relevance of these pondermotoric force effects to more 
subtle biological field effects is unclear. However, biological 
structures have a variety of means to amplify fairly small average 
in situ field strength values and current densities. For example, 
an average in situ field of the order of 1 V/cm is amplified below 
the cutoff frequency given by equation (2) into membrane potentials 
of some mV and membrane field strength values between 10 and 100 
KV/cm. Average membrane current densities of only nA/cm2 across 
the membrane may be concentrated in membrane holes and gates and 
cellular gap junctions by orders of magnitude. Under such circum 
stances, it appears entirely possible that pondermotoric effects 
may play a role at local spots even though the average in situ 
fields are low. The investigation of such local events requires 
application of both topics discussed above, i.e. cellular coupling 
considerations as well as pondermotoric effects. In any case, the 
nonthermal effects discussed are likely to be frequency sensitive 
as demanded by the coupling considerations outlined first. 


The effects discussed above have at first glance no apparent 
relationship to the modulation and window effects of primary 
interest at this meeting (30). Nor do they relate to the strong 
mm-resonances in the mm-wave range also discussed here (Keilmann, 
this volume). But they relate in a broader context, since they 
also demand highly frequency specific and for some compartments 
windowlike responses at least as far as frequency is concerned. 

Our discussions, furthermore, have been restricted to the linear 
level and not considered possible nonlinearities which may arise at 
certain cellular or subcellular locations. 
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INTRODUCTION 


The subject of this paper is a class of electromagnetic phe- 
nomena which is based upon the usual linear formulation of 
Maxwell's equations. It does, however, bear strongly upon the 
subject matter of this symposium devoted to non-linear 
electrodynamics. If we are concerned about the effects of 
electromagnetic fields upon living tissue, we must always begin 
with the question of the relationship between the externally 
applied field and the field which is acting upon the bio-molecules 
in the tissue. Thus the question of the penetration depth of 
applied fields is an important one. The results which we have 
obtained demonstrate that under certain special circumstances, at 
least, this depth may be considerably larger than usually assumed. 
Although these results appear to have important applications in 
the design of therapeutic devices, the question of their signifi- 
cance to the the problem of possible bioelectromagnetic effects is 
still a matter of speculation. 


It is generally assumed that the penetration depth of an 
electromagnetic field in the radio frequency range or above into a 
lossy medium is limited by an exponential decay in which the e- 
folding distance is the electromagnetic “skin depth". At frequen- 
cies in the S-band portion of the microwave spectrum, two gigaherz 
or so, the electromagnetic skin depth is of the order of a cen- 
timeter in normal muscle and organ tissue. To be sure, some 
improvement in penetration of the induced thermal fields can be 
achieved by using surface cooling in combination with radiators 
arranged in some form of array. Nevertheless, it appears to 
be generally believed that the electromagnetic skin depth of a 
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lossy material represents a physical property of the material 
which cannot be substantially circumvented by electromagnetic 
design techniques. Recently, however, we have been able to show! 
that this belief is not well-founded and that certain special 
electromagnetic modes can achieve greater penetration. This 
“discovery” was based on the observation that the usual expression 
for the electromagnetic skin depth is derived by considering the 
penetration of a homogeneous plane wave into a lossy medium. 
Homogeneous waves, however, represent only a portion (usually the 
most significant portion, to be sure) of the electromagnetic cata- 
log. Inhomogeneous waves, which exist in the near fields of 
antennas, or as surface waves, which travel along the interfaces 
between media, are also a part of the electromagnetic wave type 
Spectrum. Mathematically, these waves appear as a solution of 
Maxwell's equations when we assume that the wave propagation 
constant may be complex, even in a lossless medium. Physically, 
inhomogeneous waves possess a number of properties which differ 
from those of ordinary homogeneous waves; however, they are 
nonetheless "real" and play an important role in radio com- 
munications, for example. Daytime long-distance radio is made 
possible by the existence of the ground (Norton) wave, a surface 
wave which propagates along the earth/air interface, with ampli- 
tude decaying exponentially with height above the interface with a 
scale length of the order of tens of meters. 


THE ZENNECK WAVE 


Probably the earliest surface inhomogeneous wave type to be 
discovered is the famous Zenneck wave. One need only consider a 
planar interface (the x-y plane) with dielectric permittivity El, 
for z>0 and €9 for z>0. The permittivities may be either real or 
complex. Setting the magnetic permeability equal to that of free 
Space everywhere, and assuming no y-dependence for the field, it 
is easily shown that the magnetic intensities 


e Y12-jAx + jut 


HY = Ho z>0 
H, _ Hye 27 J" + jut 2<0 


will satisfy the wave equation and the boundary conditions at the 
interface (that is, Hy and the corresponding E, are continuous 
across the interface), provided that 

2 


1 2 
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yo 2 
2 0 
aT + Eo 
2 ete 9 
r = UAW 
€ + € 0 
1* & 


In the case which is usually considered, the earth/air inter- 
face, the permittivity in z>0 is that of free space and the region 
z<0 is lossy with €9 = ey - j%,/w ;|e2|>>e] . The wave in z>0 
propagates in the x-direction and decays with height above z=0. 
Thus 


= - e2 w/e 
vy oto” “£2 


2 2 


il 
i 
m 


It is also readily seen that in this case the wave amplitude 
decays in z<0 with the usual electromagnetic skin depth. 


The wave type described above is the Zenneck wave. It has 
had a rather unique role in the development of electromagnetic 
theory.2 Briefly stated, the Zenneck wave was first described 
in 1907; as a result of an error in the paper published by Sommer- 
feld in 1909 on the radiation from a dipole above a lossy half- 
space, it was initially believed that the Zenneck wave was 
responsible for daytime long distance radio propagation. In 1917, 
Weyl obtained a different solution to the problem of the dipole 
above a lossy ground and a scientific controversy was generated 
that was not resolved until 1935, when Norton was able to find the 
error in Sommerfeld's calculation and demonstrated experimentally 
that the Zenneck wave was not the surface wave type that was 
involved in long-distance daytime propagation. For the next two 
decades the Zenneck wave maintained an anomalous existence in 
electromagnetic theory -- a wave type which could be simply 
demonstrated theoretically, but which had never been observed ex- 
perimentally. The anomaly was finally resolved by Hill and Wait 3 
in 1972; their results bear strongly upon the results to be 
described later in this paper. They found that a pure Zenneck 
wave is generated by an infinite antenna above an interface, but a 
finite antenna excites a wave which is Zenneck-like only in the 
near field and becomes the usual Norton ground wave within a 
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distance that is so short for practical antennas that the Zenneck- 
like field is never observed. 


PENETRATING WAVE FIELDS 


We now consider a special case of the Zenneck wave which 
seems to have escaped previous notice. For €)>>|e2| , the propa- 
gation constants given above reduce to the approximate forms 


Y, * jYE Uw » Yo * je Vvup/e w 


— 


and it may be seen that while the propagation factor in z>0 
corresponds to the usual plane wave in a medium with permittivity 
€,, the wave field penetrates deeper into the medium in z<0. The 
penetration depth is given by the expression 


oy, ~ E1/Uo [o,, 
Thus the electromagnetic skin depth has been increased by the fac- 


tor Vez [eo] over the skin depth for an ordinary (homogeneous) 
plane wave. 


Because of the capability of this type of field to penetrate 
deeper into the lossy medium, we have named waves with this pro- 
perty “pentrating waves". Certainly, this simple mathematical 
demonstration appears to show convincingly that it is physically 
possible for electromagnetic waves to propagate to relatively 
large depths in lossy media, and it appears very likely that other 
surface wave types with this same property also exist. However, 
in view of the results of Hill and Wait with regard to the limited 
extent of the ordinary Zenneck wave in the vicinity of a dipole 
above ground, it appears necessary to consider in detail the exci- 
tation of a penetrating field by a practical antenna. A problem 
of this type will be discussed in the next section. 


MAGNETIC CURRENT LOOP ABOVE A LOSSY HALF-SPACE 


In order to estimate the capabilites of a finite antenna con- 
figuration to excite a penetrating wave, we have calculated the 
field due to a magnetic ring current located in a space, z2>0, 
above a half-space z<0 which is filled with a lossy dielectric. 
The region z>0 is assumed to have a very high permittivity, ©)>> 

€9|}- A magnetic ring source is equivalent to an electrically 
excited slot. Thus this example may be regarded as a simple model 
for an excited circumferential slot on a cylinder, or for a 
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circular stripline patch antenna. The analysis follows well- 
established procedures in electomagnetic theory and leads to a 


sommerfeld integral which must be evaluated by contour integration 
in the complex Fourier transform plane. The result depends upon 
the configuration of poles and zeroes which result from the par- 
ticular choice of permittivities and ring current radius. We were 
able to cast the integral into a standard form in order to eva- 
luate the z-dependence of the field in the lossy medium along the 
axis of the ring!. We found that the penetration depth of the 


field along the axis was increased, again by the factor ve,/e9 
compared to the usual electromagnetic skin depth. However, an 
additional requirement was imposed -- the radius of the ring 
current must be large compared to the penetration depth. This 
requirement. appears to be consonant with the results that show 
that the Zenneck wave only exists in the near field of finite 
antennas. 


APPLICATIONS 


Our mathematical results show that an electromagnetic field 
of the special type being discussed does exist in the vicinity of 
a finite antenna. By proper choice of dielectric materials we can 
obtain increased penetration depths into tissue media. For 
example, we could increase the penetration depth into organ and 
muscle tissue at 915MHz from about 2.3cm, the usual electromagne- 
tic skin depth, to about /7cm using a wave launched in barium tita- 
nate or some equivalent high permittivity material. Of course, to 
match the model studied, some admittedly inconvenient arrangements 
might be required. The launcher would have to be quite large, of 
the order of a meter, and to match the planar geometry, if that 
is necessary, we would have to fill in with tissue-simulating 
dielectric material (bolus) which would have to be cooled. The 
figure illustrates this concept. Clearly, considering the impro- 
vement in hyperthermia treatment effectiveness which would result, 
the arrangement does offer some promise. 


It is possible that these results have a wider practical 
significance in the context of bioelectromagnetic effects. It is 
known that surface waves are launched by temporally discontinuous 
fields. It has been shown theoretically + that pulsed sources 
launch Zenneck waves on dielectric interfaces. We can easily show 
that the particular limiting forms of the Zenneck wave that we 
have considered are also launched by pulsed sources. The question 
of the relative effectiveness of continous and pulsed sources in 
penetrating tissue has not been answered and may, conceivably, be 
a critical parameter in the problem of bioelectomagnetic interac 
tions. 
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Fig. 1. Bolusing to obtain planar geometry. 
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INTRODUCTION 


This paper surveys conceptual models for the interaction of 
radiation and matter at small energies (XS 100 e.v.) but up to rela- 
tively large intensities (~ 100Wcm. *). My idea in presenting this 
survey at this Research Conference on Non-linear Electrodynamics in 
Biological Systems is two-fold: first of all it seems necessary to 
review non-linear electrodynamics itself in order to see how the non- 
linearities arise and what their consequences are; secondly, by 
covering this energy range we cover the electromagnetic (e.m.) 
spectrum into the far ultra-violet which covers the atomic processes 
likely to be relevant to biology, whilst by covering this tntenstty 
range we can cover all the collective processes, static or dynamic, 
which have been found in the studies of quantum optics and which may 
be applicable in biology. These collective processes involve 
dynamical phase transitions far from equilibrium, distinctions between 
coherent and incoherent processes, collective coherent energy trans- 
mission without energy loss, collective radiation damping processes 
which markedly accelerate that damping, quenching of damping, optical 
amplification, evolution of coherent e.m. fields through incoherent 
pumping, coherent field induced rapid switching between coherent and 
incoherent states, and other processes I shall mention. All of these 
rest on the non-linearities in the e.m. interactions. I therefore 
start by introducing these. 


2. THE ELECTROMAGNETIC NON-LINEARITIES 


In quantised form, namely as quantum electrodynamics, current 
theories of the interaction of radiation and matter are successful 
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theories in so far as numbers can be computed from them which exceed 
in precision the accuracy of present experimental observations with 
which they already agree: the numbers usually quoted in this connec- 
tion are the radiative level shifts (e.g. the Lamb-Rutherford shift 
in Hydrogen) or the anomalous moment of the electron. The striking 
fact about q.e.d. in the present connection is that it is a strictly 
linear theory in so far as it quantises e.m. fields which satisfy the 
linear Maxwell e.m. field equations. Quantum chromodynamics which 
involves Yang-Mills fields analogous to the e.m. field is actually 
non-linear because the Yang-Mills fields involve SU, or other gauge 
groups; but the gauge group of the e.m. field is the commutative 
unitary group U(1) and the e.m. field is linear in consequence. 


The nonlinear e.m. interactions arise in q.e.d. as follows: 
matter, including biological matter, is made up of atoms, or mole- 
cules or ions and electrons. Radiation falling on one particular 
atom or electron inside a material body is made up of externally 
applied radiation plus the collective effects of radiation scattered 
from all the other atoms or electrons. It is this collective radia- 
tion from all the other atoms which is the source of the non-linearity. 
We use nonlinearity in its mathematical sense: the equations become 
nonlinear. As we shall see, an external field can drive a single atom 
linearly or nonlinearly in the field amplitude, but the equations of 
motion themselves remain linear. Obviously, such nonlinearities are 
important only when the fields are strgng. This condition implies 
the number of atoms must be large to obtain mathematical nonlinearity 
of the collective equations. 


Of course this is not the only source of non-linearity: electrons 
and ions interact through their Coulomb potentials, that is through 
the ‘longitudinal’ part of the e.m. field; radiation concerns the 
"transverse’ part. But in a crystal lattice, for example, or a DNA 
molecule for that matter, electrons may interact through 
Coulomb fields with displacement of ions about their equilibrium 
configuration, that is to the 'phonons'; and this may induce non- 
linearities. An example is the Su- Schrieffer - Heeger model! applied 
to the excitations of trans poly-acetylene (described by both 
W. P. Su* and A. R. Bishop* at this meeting) and there are of course 
many other such solid state models. In this paper we concentrate on 
the non-linearities in the radiation field induced by collective 
transverse fields falling on particular atoms. 


A model which has had profound effects on the evolution of the 
theory of quantum optics in the last 25 years is a model of two- 
level atoms (‘quantum optics' covers amongst other things the theory 
of the laser of maser, a system very dependent on a non-linearity as 
we show in §4). A single two-level atom is precisely that — namely 
two non-degenerate atomic levels with an energy separation we will 
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call hw_, so that w is the resonance frequency. The states are |s> 
and |o>¥ the eigenenergies are E. and Ey? and ES ES= Wee 


The Hamiltonian operator can therefore be taken in the form 
H =E |s><s| +E. |o> <o|; for with <s|o>=0, the eigenstates are | s> 
and |3> and the eigen energies are E , E.. It is convenient to map 


-S O 
this Hamiltonian on to one for a spin-} system. Put 


H = $fw_o (2.1) 


where o_ is the Pauli spin matrix ERE then [s>, energy +5 rho 
is ‘spin up' and |o>, energy -} W is ‘spin down' 


There will also be a matrix element for the transitions |o> > 
ls> or |s> > o>: we work in dipole approximation so the relevant 
matrix element 1s <s|plo>, where P is the dipole operator. We shall 
write pu, magnitude p, for this matrix element. 


In semi-classical radiation theory the e.m. field is a c-number 
Satisfying Maxwell's equations. H the total Hamiltonian, H. will 
include the interaction 


oO? 


He ot = -p°: E(t) (2.2) 
where E(t) is the electric field falling on the atom at time t (and 
1s a conumber). A little thought will show that Hint= - pus E(t)o, 
where o_ is the Pauli matrix |° 1]. Then from Heisenberg's equation 
of motion and the commutation relations for Pauli matrices we find 
(with E(t) =u E(t)) 


co = -wo 

x Sy 

e@ - —] 

. two + 2ph™! E(t)o, 

e _ _ —] 

o. 2ph B(t)o, , (2.3) 
This is the operator form of the ‘Bloch’ equation — the name being 


taken from the theory of spin resonsnce. Equivalently 
G = WX QO 3 W = (~ 2ph7} E(t), 0, w.) : (2.4) 


Note that o= to, » 0. , 6 } depends on t as a Heisenberg operator: 

o (t) = ih _ [Ho a with 7H = Hy + H, ., 0 = do/dt. Equation (2.4) 
may be interpreted as describing a spih. “The rate of charge of 
angular momentum depends on the couple applied, therefore this 

couple depends linearly on the "magnetic moment" and hence linearly 
on the spin o itself. Note that equation (2.4) is in the Heisenberg 
representation in which operators, o , evolve in time. It is 
precisely ae ot Schrodinger’ S equation for a two-level atom 
with Hamiltonian H° 
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Notice that (2.3) or (2.4) is a strictly linear operator system. 
The external field E(t) is prescribed and does not depend on the 
motion of the g(t). However, this is only true in the single atom 
case. In the many atom case the bilinear combinations E(t)o_(t) and 
E(t)a, (t) driving o_ and o, respectively become strict non-linearities. 
This happens in the” following way. 


In the many~atom case g must depend on the position x occupied 
by the atom, as well as on time t. Likewise E(t) is to be evaluated 
at x and depends on x, and t. It is therefore determined by Maxwell's 
wave equation 


V-E(x,t) -— c707E(x,t)/at* = 4ma?P(x,t)/at? (2.5) 
where nP(x,t) is the dipole density at (x,t). We suppose a 


uniform number density n of atoms,P(x,t) is scaled to a single atom 
at x. But plainly 


P(x,t) = pu<o,(x,t)> (2.6) 
where <***> denotes quantum mechanical expectation value (of the 
operator density o_(x,t)). Thus E(t) in (2.3), evaluated at x, is 
driven by <o_(x,t)>: so E(x,t) is a linear functional of <o_ (x,t)> 

~ ~~ ° ok ~ 
and the products oO (x,t) E(x,t) and o_ (x,t) E(x,t) are bilinear (that 


is non-linear) functionals of o(x,t). “This is how the collective non- 
linearity arises. 


Equations (2.3) and (2.5) together constitute the Bloch-Maxweli 
(B-M) system of equations. Typically (in semi-classical theory) one 
takes the expectation value of (2.3) and defines the Bloch vector 
density r(x,t) =<g(x,t)>. The coupled B-M system is then 

r(x,t) = w(x,t) x r(x,t) 3 w(x,t) = (- 2ph HE (x,t),0,w.) (2.7a) 

V*E(x,t) - c7* 92E(x,t)/at? = 4mnpo*r (x,t)/3t* (2.7b) 
where r(x,t) = (r, (x,t), ry (Xt), ri (x,t)). In particular 


rot) = <0 (x.t)> = <¥Ge,t)|o, (x,0)[¥(x,t)> (2.8a) 


where | ¥(x,t)> is in Schrodinger representation. Then if 


Y(q,t)> = CiG,t)|s> + C (x,t) ]o> ; (2.8b) 
= * _ * 
vr (x,t) C(x, te. (x, t) C5 (ate (x,t) . (2.8c) 


This is just the inversion density per atom at x at time t. It is 
expressible in terms of the density matrix Pg Bot) at (x,t) by 
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r (x,t)=o. (x,t)-p_ (x,t). It tells us what density np_ (x,t) of 
wet ss C8 00 °~ 3s ~ 

atoms is in the upper state s at x at time t, etc. Equation (2. 7a) 

also means, as with (213) and (2.4), that v2 is a constant of the 

motion: dr“(x,t)/dt=0. Moreover r*= (|C_|*+/C,|*)* so its constant 

value is 1. This enables us to define the Bloch sphere if there is 

no damping. 


The elementary approach to the B-M equations is to solve them 
for weak fields E(x,t). Then r_(x,t) 1s approximately a constant 
of the motion (to O({E|)4). Suppose r_(x,0) =-1 for all x, i.e. all 
atoms are in their ground states at t=0. Then rx (x,0) =-1 for all 
t (to O(|E|)* and the Bloch equation is 2 : 


t (x,t) = -wor (xst) 

ty st) = tuor (x,t) - 2ph-lEG,t) (29a) 
1) 

r (x,t) + wor (x,t) = 2ph' w E(x, t) . (2 .9b) 


This is just the driven harmonic oscillator. 


Suppose now 


E(x,t) = pe werk2) . (2.10) 

Then 
2p*h lw E(x, t) 
pr (x,t) = —-————--——— = a (w) E(x, t) (2.11) 
* w *=w 
S 

and the Maxwell equation requires 

-k? + wee * = —41na(w)wee 4 . (2.12a) 


So k gains the refractive index m(w) i.e. k=m(w)we!, and 
m@(w) - 1 = Ana(w) (2.12b) 


in which a(w) is the usual Kramers-Heisenberg polarisability (for a 
2-level atom). 


It 1s now plain the non-linearity comes in through the inversion 
density r_(x,t). If the fields are stronger it will evolve and the 
B-M system becomes non-linear as indicated above. This explains 
why the 2-level atom can be a good model even though all atoms have 
many levels. One can easily check that unless w*w_, i.e. the field 
is almost resonant with the 2-level transition,r (x,t) remains a 
constant of the motion. This applies to all non“resonant transitions 
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in a multi-level atom. Thus we can deal with resonant (or almost 
resonant) optical phenomena and isolate the one atomic transition 
that is (almost) resonant. The remaining levels provide a linear 
background which is not interesting. If the levels are degener- 
ate or almost degenerate we have to include additional Bloch type 
equations to describe the evolution of these. The example of 
degenerate self-induced transparency (SIT, see 83) is treated in 


Ref. L4]. 


Notice we already have one new result: if the atoms lie in 
their upper states at t=0, then r, (x,t) =+1 for all x; and a(w) > 
-1(w), so that, for w<w_, m*(w) <1 and harmonic modes (2.10) travel 
at speeds > c. This model is the simplest form of amplifier: the 
model with r_(x,0)=~-1 for all x is the attenuator?. Both of these 
models become more interesting when the non-linearity is allowed to 
act. In the examples which follow the non-linearity is essential. 


3. SELF-INDUCED TRANSPARENCY 


Self-induced transparency (SIT) is observed as short (10 °sec) 
coherent optical pulses which enter a resonant medium and reshape 
to characteristic hyperbolic secant (sech) shaped forms and re- 
emerge without further loss of energy. In principle e.m. energy 
is transmitted without loss providing the coherent pulse has the 
appropriate sech shape. These sech pulses have characteristic 
‘areas'' -- namely 21, after proper scaling. A pulse of area 6 in 
(2nt+l1)17 > @ > (2n-1)n actually evolves and breaks up into a train 
of n 2n-pulses each of which transmit without energy loss. The 
observed delay can be a striking feature -- as though the pulse, 
which is a pulse envelope, gains a refractive index perhaps as big 
as 10° even in experiments on metal vapour where n ~10?? or 10!? 


atoms cc. (very small values even compared with those for most gases). 


The coupled B-M system (2.7) describes all this in the following 
way: approximations are introduced in order to deal with the non- 
linearity. These rely on the existence of two time-scales in the 
problem. One is the optical frequency wxw_ ~10!° Hz —— time 
scale 107!° sec. The other is the pulse life time~107? sec. This 
life time is controlled by the Rabi frequency Q=pE fu! where E is 
the pulse amplitude: if p25 Debyes (5~x 107! C.g.8. units) and°E 
corresponds to Wcem™* power at peak, then 2~102Hz. The ratio of 
these two time scales is ~ 10®: hence, if E_ varies slowly (on the 
1079 sec. time scale), we can expect to negléct terms O(Qw ~*). 


One sets 


fip~!¢(z,t)cos O(z,t) 


E(z,t) 


O(z,t) kz - wt + 0(2,t) ; WwW = ck 
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r(z,t) = Q(z,t)cos @ + P(z,t)sin 4 (3.1) 


and w*w_, k& Sk Fw. c!. Then npQ and npP are the in-phase and phase 
quadrature components of the dipole moment density. These vary on the 
scale 27! in time. By assumption e(z,t), P and Q vary slowly in 

space z also, (de/8z)k, << 1, etc. Notice that we look for plane 

wave solutions travelling along z alone. In practice,pulses have 

finite transverse apertures and self-focusing occurs so the details 
become complicated?. Nevertheless, the one-dimensional behaviour depen- 
ding on z alone is qualitatively correct. Note also that we include 

a slowly varying phase $(z,t) varying on time and space scales so 

that (d¢/dt)w. << 1, (9¢/0z)k. << l. 


For completeness of notation we re-define 
vr (z,t) = N(z,t) . (3.2) 


We also extend the definitions of P, Q, N so that they depend expli- 
citly on the ‘detuning’ Aw'=w'-w, where w" is introduced for w 
now for the reason that the atoms are supposed to resonate . 
over a range of values W " with distribution g(Aw'). In vapours this 
range arises through Doppler broadening; in solids local interactions 
spread the resonance. This broadening of the resonance is called 
"inhomogeneous broadening’. 


With the model extended in this respect we reach the equations 
(3.3a-c) — simply by inserting (3.1) and (3.2) into the B—M 
equations (2.7) and equating coefficients of sin % and cos 6. (This 
is an acceptable procedure if no other harmonic modes sin 6' and 
cos 6' are close on the time scale 27!.) The equations are 


de/dz + c lde/at = a <P(z,t; Aw')> 

e(z,t) (89/3z+c7ta/at) =-a <Q(z,t; Aw')> (3.3a) 

3Q/at =— (Aw'+9¢/3t) P 

dP/dt = eN+ (Aw' + do/dt) Q 

ON/dt =—-eP (3.3b) 
Temporarily 

<f(Aw')> = [ s(t") f£(Aw') d(Aw') (3.3c) 


and 1s not a quantum expectation value, and 


ac = 2mnp* w Ao! = TO . (3.4) 
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The time t defines an important time scale: it is the ‘maximum 
co-operation time'?*© and relates to two other times Tp and Tops 
Tplgp=t’, and the times ty and top are respectively the photon 
escape time 2Lc7!, and the ‘superfluorescénce' time. The length of 
the atomic sample (along z) is L, and Tt p= (4mnp2w CHL )A! is the 
time scale of co-operative i.e. collective decay processes in the 
optical system. It is characterised by a dependence on n and hence 
on the number of atoms N in the sample. Large N means small top 

and fast collective decay. We mention this again briefly in 86 in 
connection with 'super-radiance'. Super-radiance concerns collective 
decay inside a cavity where the geometry of the process is predeter- 
mined. Superfluorescence is similar collective (co-operative) decay 
but the process forms its own geometry for the direction of actual 
emission?*°»/ 


The equations (3.3) prove to be an ‘integrable system’ in the 
technical sense°»®. They have 'soliton' solutions®*® and it is 
these which are the optical pulses and propagate without loss. This 
is not the place to study integrable systems and the reader is 
referred to our book®, for example. Nor is this the place to treat 
(3.3) in depth. We first make several remarks and then illustrate 


the solutions of (3.3) in a particular simplified form. 


The first remark is that equations (3.3a) are the Maxwell equa- 
tions but now in slowly varying envelope and phase approximation 
(SVEPA). The equations (3.3b) are the Bloch equations in SVEPA. In 
reaching these we make not only the SVEPA, but also the rotating 
wave approximation (r.w.a.): this neglects all high frequency 
oscillations at 2xw(® 2xw_) and 3xw (3xw_), etc. Notice that 
(3.3b) has Bloch equation forn very like (2.5); but it refers to 
envelopes (and frequency differences Aw'). 


The second remark, @” passant, is that the B-M equations (2.7) 
can be reduced to the 'Reduced Maxwell Bloch (RMB)' equations simply 
by looking for solutions travelling along +z alone’. The Maxwell 
equation becomes dE/3z+c 13E/8t=~-2mpdr_/d3t (simply) and is valid 
for small n. The Bloch equation is not changed. The RMB equations 
are integrable in the sense discussed but the M-B equations themselves 
are not. 


The third remark is that equations (3.3) are integrable even 
with inhomogeneous broadening included. To see what this means 
consider the following: each atom has its own Bloch vector r(t) (ice. 
atoms at x have r(x,t)). It is easily checked that a solution of _ 
r(t)=wxxr(t) is E(t) =0, r_(t)=cos@, r_=sin@cosw t, r.=siné 
sinw.t, where 6=constant. “Hence the Bloch vector precesses at 
angular velocity w_ about the vector's z~axis (N.B. this is not the 
co-ordinate z-axis: the Bloch sphere is its own separate space). 

Then x's with resonances w_' precess at w_' and get out of phase with 
each other. The coherence expressed by the collective action of the 
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Bloch vectors r is lost. A remarkable feature of the SIT pulses 
which solve (3.3) is that this dephasing is quenched by the action 
of the pulses. In this way coherent information propagates without 
loss in the medium. 


A fourth remark is then that propagation without loss of 
energy or coherence in biological materials is the key idea behind 
Davydov's treatment?»!9 of energy and information transfer along the 
protein a-helix: Davydov's equations, which relate to the integrable 
"Non-linear Schrodinger equation'® are not integrable themselves (as 
far as I know) and his excitation is a 'solitary wave’. Solitary 
waves also propagate without distortion and loss®>s!!, Interpreted 
in this very much broader sense the soliton has begun to play a very 
significant conceptual role in biology and is one reason for this 
interdisciplinary conference (see particularly the papers by Scott 
concerning a-helix transmission and by Lawrence and Adey concerning 
soliton propagation across cell membranes). The other idea of 
equal significance to biology at the present time is Fréhlich's 
oscillator!3. We describe a number of non-linear oscillators 
derived from versions of the equations (3.3) later (§§4 and 5). It 
is interesting to speculate what mathematical connections, if any, 
we can ultimately establish between these different ideas. 


We now return to (3.3) and illustrate its behavior in the 
simplified case of ‘sharp line' resonant solutions, 
1.e. g(Aw') =6(Aw'). The Bloch equations are then 


dQ/oat = O, dP/dt = eN, ON/OT = -—eP (3.5) 
solved by Q=0, P = -sinO, N = -cos0; 90/8 =€ (O js now just a 
function -- nothing to do with Fauli matrices!) SetG= €in (3.3a) 


and solve for ¢ = 0 (no 'chirps'). Then substitute 


326 + 326 


veces sED -asino : (3.6a) 
If Va ct = tve, Ya (ct -22z) =eve 
92 92 
aS _ <> = gino (3.6b) 


and this is the now famous 'sine-Gordon equation"? 


ae 1 920 a 
2 - = 52 = m“sin u (3.7) 


with mass m and speed c set equal to unity by the scaling. 


The sine-Gordon equation is an integrable system and arises 
in many physical contexts: Josephson junctions, Spin waves in liquid 
3 He (A-phase), crystal dislocation theory ll. Spin waves in one dimen- 
Sional ferromagnetic and antiferromagnetic crystals (CsNifes, TMMC for 
example'+). It is hard to believe that the sine-Gordon equation will 
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not play some fundamental role in biological systems where coherent 
transmissions of information occur. 


We quote here the kink solution of the s-G equation (3.7) namely 


( Wal 
u(z,t) = 4 tan! exp neve 
\ 


41-2072 


This kink solution yields an optical SIT pulse through (3.6) which 
1s 


(3.8) 


) . (z-Ut) 
o(z,t) =-4 tan7! exp ee. (3.9a) 
40 (1-U) 
where c=1 and U=i(ctV); and since e(z,t) = d0/dt, 
e(z,t) = at sech (tT ' (t-Uz)} (3.9b) 


where the pulse lifetime t.=f/pE =27!, and cU7! -1=4act..2. Notice 
how the speed U of the pulse (3.9b) in the original co-ordinates 
depends on the pulse amplitude E_. Notice too that the ‘area' 

o= f{ (so/dt)dt of this SIT pulse is precisely 27. An arbitrary pulse 
breaks up into a train of kinks (area 217) or antikinks (area -27T) 

and a train of SIT pulses made up of +27 pulses emerges from the 
single incoming pulse. These have been seen very clearly (in ®/Rb 
vapour +’, for example). In principle there could be breather pulses 
too but we do not discuss breathers here (Ref.8). 


The theory of SIT is a non-linear theory of the attenuator 
(ref. §2). The corresponding theory for the amplifier (in this case 
for degenerate 2-level atoms) has just been reported~®. 


4. EFFECTS OF RADIATION OR OTHER DAMPING 


The radiation damping time T, is equal to y ~!=2r — where (for 
two-level atoms) [, is the Einstein A-coefficient 5 pewcse hl, For 
w ~10'° Hz., T_~108 Hz. Thus if 2~109 Hz, the SIT pulse can act, 
moving the atomic Bloch vectors through complete twists of 27 (ground 
state back to ground state) without the radiative damping causing 
much change. An analysis valid for long times >>y “is given in 
Ref. 17. However, if the driving field is not pulsed, but is for 
example a steady oscillation like (2.10), radiation damping becomes 
extremely important and changes the character of the solutions. The 
same is true for any damping process described by T9 not just 
radiation damping. 


If (2.10) is a solution, then since a= pe, the Bloch equation 
in the envelope form (3.3b) becomes 


eQ og Lk _ 7 ol 
7 Awe - T,~1Q 
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oP -] 

o_o = —_ Pp 

aE QN + AwQ T, 

oN ~l en _ 

at qT, (A-N) QP (4.1) 


where T, =I . T, = 20. “ls2T , and Aw = WW. When 2=0, the 
solution is°P = Q=0 (no dipolbs) and N= A% =1, (ground-state atoms), 
where A is a new parameter describing 'pumping" of the system. 

It is incoherent pumping with the property that N settles on +A, 
whilst all coherence (solely in the phase of the dipole terms P,Q) 

is lost. Pumping may be incoherent in this form, or it can be 
coherent pumping through E (i.e. through 2) # 0. We include coherent 
pumping in equation (4.11) below. 


Consider the case of sharp lines and exact resonance Aw=0. 
There is a steady state solution of (4.1), namely 


Q=0, P=T,ON, N= AL1+97T,T,]7 , (4.2) 


Note that 12A2-1 and no incoherent pumping at all corresponds to 
A=-l: posttive pumping has 12A>0O. Notice also that P is an enve- 
lope ,so it. is now the constant amplitude of a plane wave solution 
Pe twt-kz) oF the original M-B equations. It cannot satisfy the 
phase and envelope Maxwell equations (3.3a). It is usual to 

ignore chirps (set ¢=0) and recognize the original Maxwell equation 
(2.7b) is damped by some (empirical) damping constant « so that the 
envelopes satisfy 


a ee - 
aE +c oe + KE aP ; (4.3) 
Consequently the steady solution is now found from 
d€ - -] 2 ~1 _ _d€ 
2 = aK T, AL 1 + 2 TT, J » Qs De (4.4) 


There are several interesting features about this solution. 
Let us suppose spatial variations are unimportant. This can be so 
either because the atoms lie inside a cavity, as in the laser, and 
the cavity has its natural modes (take the 'single mode' laser), or 
because 'on average’ the spatial variation is unimportant. If we in- 
tegrate (4.3) over ‘< and divide by L and do the same for P and Q, 
we obtain a so called ‘mean field' theory ?°® In general, spatial var- 
iation or mode coupling is important so that we can only get a quali- 
tative theory, at best, this way. jn any case, QN, (that is eN), 
in (4.1) has to be averaged as L an edz L J Ndz, which is possibly 
a serious approximation. 


Still once spatial variation is unimportant (4.3) becomes 


-] 30 
onl Je 


vr + Ke = aP (4.5) 
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so (4.4) can be extended to 


cw! e = -KE {1- 4CAl 1+ e?T,T,17)} (4.6) 
with the ‘co-operation number' C defined by 
C = Lok lt, ; (4.7) 


C>0O, and is a pure number. Notice that (4.6) is not steady in ¢, 
but P,N keep their steady values from (4.2) (e replaces 2). Thus 

P,N are ‘adiabatically eliminated' from the theory on the ground that 
they reach equilibrium instantaneously on the rapid time scale 

T, ® 2T,: the time scale (Ck) >> T,. 


Equation (4.6) shows there is a ‘threshold’ at 
G=2l- 4cAll+e*T,T,17' = 0 (4.8) 


where A= 1/4C. Below threshold G > 0, and de/dt < 0 so any field 
decays to zero. If the system is pumped incoherently but strongly so 
that A > 0 and G < 0: then de/dt > 0 and the system settles on a 
steady non-zero value for e€ given by 


ce = (4CA-1) (T,T, 71 ; (4.9) 


where 4CA>1. There are now two real roots for ce, namely tle| #0. 
Since € is a coherent field, coherence has emerged from incoherent 
pumping. This is the action of the (single mode) laser incoherently 
pumped above the threshold at A=1/4C. 


The threshold at A=1/4C defines a simple 'pitch fork type' 
bifurcation in which, as the control parameter A increases, the three 
roots of (4.4) move from ¢€ =O stable and two non-zero unstable roots 
to two non-zero stable roots e=tle| #0 and ¢=0 unstable. Evidently 
there is a 'phase transition’ at 4CA=1: however it is a "dynamical" 
that is “a far from equilibrium" phase transition. Nevertheless it 
has many of the features of a conventional second order phase tran- 
sition!?»29, 


To see this, note first that (4.6) is expressible in terms of a 
potential function (free energy) % by 


de/dot = -00/de ; 
6 = tlexet - 2ekCA(T 1)" *Inl 1 + TT, ] 
~ +4ceK(1-4CA)e2 + ekCA(T,T, Je" ; (4.10) 


We shall extend (4.6) by including an external probe field y so that 


de/dt = cxly ~ ell - 4cA(L+e*T,T,)71]}. (4.11) 
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In this view €-y, not e€, is the total field damped inside the 
cavity: plainly since y is external it is not damped. The coupling 
of external fields can be quite subtle since their modes are differ- 
ent from those of the cavity. still (4.11) correctly introduces a 
qualitatively new feature — coherent pumping by y. 


We now have three “thermodynamical” parameters y,x=e, and CA. 
Reference to (4.10) shows that e(=x) is the ‘order parameter'. We 
identify 


y<_> (p-p .) s e€=f2x = (V-V .) ; 4CA <> T . (4.12) 
The quantities ParVe are critical 'pressure' and ‘volume’; Tal SO 
that threshold is T= qT. - The laser operates on the line y = 0 (p=Pc). 
Here 

~ 1 —T)-2 4 1 4 | 

6 2 ack (T T)e* + eK (TTT (4.13) 
so that 36¢/d¢=0 means 

-(Z,-TMe = (1,7) T° (4.14) 


and 970/3¢ = (T ot) + 3 (T,T T,)T e*. Thus € =O is the stable root for 
T<T, - But for “T> T, 


tle] = £(t,7,)71/2C a/T,) - 10/2 (4.15) 
are stable non-zero roots. 

The behaviour [ (T/T y-1)!/2 near T=T defines a ‘critical 
exponent’ g=!/2 2°, Moreover, the equation of state is (p = —(99/0V),, 
—_ y= —(39/d€),,) 

y = ck{(T.-t) + TT, Tete (4.16) 


the compressibility x= VE V/3) 9 is given from 


(dy/de),, = ~ck { (I -T) + 3T,T,Te*} ; 
= —-CK (T-T) » T<Te ; 
we —2cK (I-T ; T>T. ; (4.17) 


SO | (8/9), | jumps from [ek (T -T)I7 below threshold to gl c(T-T I“ 
above. The! exponent -l defines a critical exponent y=+129, There 
is an entropy 


2 


= - -1 
S (9/0T) 9 T2CKE 


22 


S,~be« (T,T,)7' [ (2/7) - 1] (4.18) 
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above threshold and S=S_ at threshold. S=S_ just below threshold 
too so S is continuous. “But the ‘specific heat' C_=-T(dS/9T)_ is 
ck (T,T )-! for T>T_ and vanishes for T<T,. There is therefore a 
jump that defines thé critical exponent a=s029, The three 

critical exponents are therefore a=0, 8=3,y=1, and satisfy? 


a+28+y = 2 . (4.19) 


These features characterize the so called 'mean field’ theories of 
equilibrium phase transitions®’. (This 'mean field’ has little to 
do with the spatially averaged mean field theories of optics as in 
Ref. 18 referred to above). 


This positive pumping (A>0O) theory extends easily to several 
related models. For example a "saturable absorber". This is simply 
a negative pumping term and is derived from the steady value of 
N in (4.2) with pumping A > A’ and -l<A'<0O. Set M'=1-A' so 
O<M*’< 2. There will be time constants T,' and T,' (say) so (4.11) 
becomes 


de/at = cxfy-ell - 4CA(1+e*T,T,)™ 
-4C'(1-M')(1te*T, 'T,')71] (4.20) 


Note that two sets of dipoles and inversions are now adiabatically 
eliminated. 


For y#O we have the laser with saturable absorber and injected 
Signal. If y=0 the system is capable of displaying either a first 
or a second order phase transition as well as 'tricritical phenomena’. 
In the last a line for first order transition points meets a line of 
second order transition points at a point specified by C=C , C'=C '. 
This case is noted by Argawal*!. If y#0 '‘tristability' is possibles 
there can be three competing minima of $ as shown in Fig. 1 (taken 


| 0 ~68 ~-45 
e 
-4 -70 ~55 
-£ —7 2 -6 
' ie Ae : 7. ° 
X¥— 


Fig. 1. An example of tri-stability. There are three competing 
minima of @ (taken from Ref. 21). 
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from Ref. 21: € =x in Fig. 1). A feature in this case y#0 is that 
symmetry (for +|e|) is now broken by y and -e is in phase with y. 
Agarwal*! also shows both bicritical and tetracritical behaviour are 
possible for the two-mode laser coupled in the form 


oa 


(a, -le, |*-le, “ey 
(ag~ |e, |*-le, |e, ; (4.21) 


&2 


In tetracritical behaviour four lines of second order phase transi- 
tions meet at a point, the tetracritical point (See Fig. 2). In 
bicritical behaviour one of the four phases disappears and is replaced 
by a first order transition. There is a co-existence region between 
two of the remaining phases, and one line of first order transitions 
and two of second order transitions meet at a point, the bicritical 
point (see Fig. 3). 


€<1 


Lfe j= le,J—0 
II. led=0, Jea|"=a, 
IIT. |€d=2,, je.|=0 
1, |e y= 8s 


[e,|"= fan 


Fig. 2. Tetracritical behaviour shown by the two-mode laser equations 
(4.21). Four lines of second order phase transitions meet at a tetra- 
critical point (taken from Ref. 21). The symbols refer to eqn. (4.21). 


Fig. 3. Bicritical behaviour shown by the two-mode laser equations 
(4.21). One of the four phases in Fig. 2 has disappeared and is 
replaced by a first order transition with a co-existence region. One 
line of first order and two lines of second order now meet at a point - 
the bicritical point: S and MS denote 'stability' and 'metastability'. 
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These phase transitions all arise as simple bifurcations as 
control parameters are changed. It is now known that a spectacular 
sequence of such bifurcations may be associated with the envelope 
M-B equation which may eventually evolve to ‘chaotic’ (or turbulent) 
motion. 


Consider the damped laser equations we have obtained with y=0 
and P,N, no longer adiabatically eliminated. There is no spatial 
variation by assumption. So we have from (4.5) and (4.1) at exact 
resonance that 


de _ _ 

at = caP CKE 

dP _ ml 

dt eN T, P 

dN _ ,-] NY) _ 

at = T, (A-N) -eP (4.22a) 


where A>O. As first noted by Haken**, this reduces to a standard 
form of the Lorenz model2392%»2°, 


X = oY -— ox 
Y = XZ-Y 
Z = b(r-Z) — XY (4.22b) 


if o=ckT,, T= tTS', X= Tye, Y=T,ak7!P, Z=Tjax"IN, r=T,aK~!A = 4cA 
and b=T,T'3 X=dX/dt etc. (The more usual form of the Lorenz 
equations uses r~Z>+2Z, ref.24, 


Lorenz*? first introduced his equations in connection with the 
Rayleigh-Benard convective instability: a liquid between two horizon- 
tal plates heated from below develops two dimensional structure as 
the parameter r increases. For r<l, X=Y=0, Z=r is the stable 
steady solution. For r=1 (4CA=1) there is a simple pitch fork 
bifurcation to the two stable steady values 


(tvb(r-1), + vb(r-1),1) (4.23) 


and (0,0, 1) is now unstable. In the Benard instability the structure 
consists of 'rolls' normal to the two dimensional spatial plane of 
right handed or left handed convective flows**»>2°, These flows are 
Stable for r<r,. For r>r, there are no stable steady state solu- 
tions; and for much of r>Y,5 computer experiments show no stable 
periodic solutions either. They do not settle down to steady or 
periodic flow, and show no obvious predictable long range pattern. 
Small changes in initial data result in substantially different 
solutions. This is the ‘strange attractor’ associated with the 
Lorenz equations: examples of such attractors are shown below in 
Figs. 8(b), (c) whilst Fig. 11(b) below shows the strange attractor 
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assoclated with the output from an optical cavity. Fig. 12(b) 

below shows the spectrum (time Fourier transform) of this strange 
attractor and 13(b) its evolution. Strange attractors are charac- 
terised by their capacity to attract, i.e. flows move toward them. 
They are not ‘fixed points' (that is simply stable steady states) 

nor are they simple attractive surfaces since the motions display a 
complicated braided internal structure (Figs. 9(e), (f)) which shows 
the same features on successively reducing scales (successive magni- 
fications): they are certainly 'strange' (the terminology following 
Ruelle and Takens“°). 


In a small range of r <r, i.e. r, << r, the X,Y,Z space di- 
vides into two regions. For initial data in one, the system moves to 
one of two steady states, while for initial data in the other, the mo- 
tion remains in that region oscillating irregularly apparently forever. 
The commonly used values of o and b are o=10, b=.8/3 from which 
r,% 24.06 and r,*%24.74. For r<r, there are still exceptional 
trajectories which oscillate irregularly though most initial data 
eventually settle down. 


At r=r,*24.74 the two stable fixed points (4.23) move to 
instability by a Hopf bifurcation. Typically in a Hopf bifurcation 
the system moves to stable osctllatton as the flows move off the 
fixed point to a limit cycle. In practice the motion is turbulent 
on the strange attractor. For 24.06<r<24.74 the two fixed points 
are stable but simply largely inaccessible. Remarkably enough a 
crucial bifurcation of collosal proportions (a ‘homoclinic explosion'@7) 
occurs at r=13.926 where enormous numbers of unstable periodic 
motions are created. Since they are unstable they cannot easily be 
seen numerically, but they allow the bifurcation sequence for increa- 
sing r to involve bifurcation to a decreasing number of states; that is 
unstable periodic motions can move to mutually annihilate similar 
stable ones. It is not known to the author what characterises the fun- 
damental frequencies of the periodic orbits. Each frequency (each 
period 2°T) may bifurcate by period halving down to that basic period 
IT. This is the opposite of period doubling: Period doublings asso- 
ciated with a possible accumulation point and a move to 'chaos' on a 
Strange attractor are associated with the name of Feigenbaum who 
studied mappings?®, An example of period doubling is shown in 
Fig. 8(a) below. Period triplings etc. are also possible. What 
determines what is an open question at present. Certainly the dynamics 
of the Lorenz system (4.22b) involves an extremely rich behaviour. 

The reader is referred to Sparrow*’ for the most comprehensive 
analysis to date. 


It will be plain from (4.22a) for the laser that the corres- 
ponding equations for the laser with saturable absorber will be 


de 
Gp (CCGP) +8P,) - exe ; 
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dP, ; dN, ; 
a OOM 7 Te Poe GFT (A-N,) -— €P) 3 
dP dN 
a T. lp ; — = T 1 (A'-N )- eP (4.24 
ae ON 8 F2 GETTY 2°" S"2 +24) 


Under the mapping o = ckT,, T= tT; , W = TT -l » n= TT, ? » a=vT)Toe 
b=VT, Tr, tak P), c=1-TpaK~'r)'N), d = YT) Tor7! Bx-!Py, 
e=l1- T, BK! rot No, T) = T> BK! \’ these equations become 


a = o (-atr  b+r,d) 
b = -b+t (l-c)a 3; d = -nd + (l-e)a 
¢ = Wc-ct+ab) ; @ = B(-dnetuad) (4.25) 


with a= da/dt, etc. The undefined parameters are X= T) TS" TT, and 
y= T, T,—/T,71 . For radiation damping T, T,—} =T) T,? so A=1 whilst 
yu = nar so is not free. We set r) = r,,>0 and r,=-r,<0 
(laser with absorber), relabel n as a new parameter t and interpret 
a as da/dt, etc. for some scaled time t which is not the new para- 
meter t. Providing we can set u = 1, these equations become 


a = o (~atr, b-r .d) 
b = -bt (l-c)a ; d=-td+ (l-e)a 
c= GI(-ctab) ; e= GJ (-tetad). (4.26) 


In this form, but without the constraint yp = 1, the equations are pre- 
cisely the equations of thermosolutal convection, studied by Da Costa, 
Knobloch and Weiss. In thermosolutal convection Rayleigh-Bernard 
convective flow is opposed by a solute moving under gravity. The para- 
meters r,, and r, are thermal and solutal Rayleigh numbers. If r. = 0, 
the equations decouple to another form of the Lorenz equations (See 
4,.22b). Da Costa et al. studied the case, 9 = 10, T = 0.4 and G@= 8/3. 
This corresponds to the case usually studied for Lorenz equations 
with o = 10, b = 8/3(Lorenz parameter). At the time of this writing 
I have not pursued the case of interest in optics equations (4.25) 
with p =n@"*. We shall therefore append here to the results reported 
by DaCosta et al. basedon (4.26) with their choice o=10, 1T=0.4 and & 
=8/3. I hope to report on (4.25) elsewhere. 


For arbitrary 0, T, >O and fixed r,>O (in 4.26) there are a 
number of thermal Rayleygh numbers r,, Of interest. Two important 
values are r,,(0) and rp We shall distinguish cases rp\9) > rp be) 
and x, (0) < tr e) Henceforth we systematically use the notation of?? 
If 1,0) > r_(€) there is a simple pitch fork bifurcation of laser 
phase transition type from a stable fixed point a=O0 to two finite 
amplitude fixed points a=+|a| #0 (a=0 is unstable), The two 
fixed points ¢+ |a| are stable if, near tr e), 
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baie r, °° + ar, ‘) + O(a*). | (4.27) 


and r, (©) >0 all three fixed points are unstable in the sense the 
mOtT OH ee moves from a=0, and two fixed points + | a| are unstable, 
if ro‘©’ <0, 


(a) (b) 


Fig. 4. Plot of a against thermal Rayleigh number r,, for r,= 

0.4(a) and ro=4(b). The solid heavy line indicates the stable 
steady branch (branch of stable fixed points). The broken heavy 
line is the unstable steady branch (branch of unstable fixed points). 
The solid thin lines denote the maximum and root mean square values 
of a on the oscillatory branch. 


Fig. 5. Typical sets of oscillatory solutions for r_ = 0.4 with 

r, = 2.0. The modes c,e (which are essentially inve#sions Ng Neg 
see text) have half the period of the other modes. The half=ledgths 
of the ordinate axes are 0.5 for a,b,d,e and 0.1 forc. 
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there is a Hopf bifurcation at ipa (0) and the 
System moves off the unstable fixed point a=0 into oscillation. The 
case of greatest interest combines r_{9)<r_(e) and r.(€) <0. This 
Situation is shown in Fig. 4(a) (for small r.=0.4) where there is 

a stable upper branch and a turning point to instability on a lower 
(dotted branch) at r,‘™0/~1.86 (only one set of fixed points a= 
+|a|#0 is shown). The oscillatory branch bifurcates at r,69) and 
terminates on the unstable lower branch at r,,=r,\°/. At “this point 
the system jumps to the upper stable branch and there is hysteresis 
down to r, (Min) if r is reduced. At r,(min) a jumps back to the 
stable fixed point at a=0. The Fig. 5 shows the type of oscillations 
which occur for small r,=0.4. Quantities c,e are roughly rectified 
forms of a, so that if a has period T,c and e have period }T. In 
terms of the inversions N,,No these oscillate at }T compared with the 
period T of the field €. The point is that equations (4.25) (or 
(4.24)) are invariant under a>~-a, b>-b, d>-d, c>c, ee, and if 
this property applies to the solutions the result follows. We shall 
see shortly that this property does not necessarily apply to the 
solutions which though symmetric for small values of rg, become asym- 
metric (Fig. 7b below) as ro is increased. 


wr <r (e) 


The symmetric oscillatory branch of Fig. 4(a) is exemplified by 
the phase plane plot 4 against a shown in Fig. 6. The two stable 
fixed points marked S are asymmetrically placed about the unstable 
fixed point a=O marked 0. The oscillation is described by the limit 
cycle marked L and the two symmetrically placed unstable fixed points 
are marked U. For r_(98)<r_(c (Fig.6(a)) the limit cycle is in 
evidence and the motion has moved by Hopf bifurcation off the now 
unstable fixed point at a=0O. Forr = rc) (Fig. 6(b)) the limit 
cycle has moved to the separatrices which join the unstable fixed 
points U. In these circumstances the period T of oscillation is 
necessarily infinite. For r,'°)<r_<r_(€) the limit cycle (and all 
oscillation) has disappeared and thé motion spirals in to one or other 
of the stable fixed points (Fig. 6(c)). 


The main effect from increasing r, is that the amplitude a 
increases, typically beyond the value on the unstable Steady branch 
(branch of unstable fixed points). Fig 4(b) shows the situation for 
ro=4.0. As r,, increases a reaches a maximum at rp~ 5.8 and at 
r,,= 3.855 the oscillations bifurcate to asymmetrical solutions where 
att) spends more time on one side of a=O than the other. The period 
T 1s not changed. But since c,e are rectified forms of a their 
periods must double from !T to T. Symmetric oscillations are shown in 
Fig. 7(a) for r, = 3.853. At r,,=5.8722 this has become the asymmetric 
oscillation shown in Fig. 7(b). At rp = 5.874 this oscillatory 
solution loses stability and spirals into the fixed point. 


At higher r,(r,=6) period doubling and chaotic behaviour occur. 
There is a bifurcation to asymmetry at r,,~7.785 and a bifurcation to 
double period at r,,% 7.793. The corresponding limit cycle is shown 
in Fig. 8(a) and, for the region marked, in detail in Fig. 9(a). The 
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(a) (b) (c) 


Fig. 6. Sketches of the at oh rrajectories projected onto the a,a 
plane for r, = 0.5 and (a) r (c) = 2.02195; (b) r,_ =r (c), 
(c) r_So/ <r <r _ S©/, © denotes tne stetic solution, U the instable 
steady solutions, and L the limit cycle. The notations are explained 
in the text and in ref. 24,from which this Figure is taken. The para- 
meter To is too small for chaos which is seen in Figs. 4 and 5 for 


To = 6. 


368 R. K. BULLOUGH 


INA AA AA 
mavaay Fae 


A hae ae See ioe ee 
_/ \_/ = J \ _/ J 
Bf EN fe at AS. Rs ee 
0 40 100 


f 


() 


Fig. 7. Oscillatory solutions of equations (4.26) for r.=4 and (a) 
r= 5-853. The oscillations in a,b,c,d,e are all symmetrical, l-c 
and l-e act like the inversions N,,N. of equations (4.24). For (b) 
p= 5.8722 the oscillations are not symmetrical and there is apparent 


period doubling in c and e. The half-lengths of the ordinates are 
1.0 for a,b,d,e and 0.1 for c. 
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Fig. 8. Limit cycles for equations (4.24) projected onto the a-d pl¥ne 
(a) Period doubling for tn. 7.7948; (b) Chaotic solutions for r_= 
7.7963; (c) Chaotic solution for typ = 7.898; (d) r,=7.83; the attractor 
loses its stability and the trajectory spirals into a fixed point. The 
axes have half lengths 1.0 and 0.5. Parameters in (4.24) are J=10, 
t=0.4, =8/3 and ro=6 (taken from Ref. 29). 
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(a) (b) 


Fig. 9. Details of the limit cycles in Fig. 8 for the region indi- 
cated in Fig. 8(a) r,,=7.7948; (b) r,,=7.952 (period quadrupling); 

(c) r,,= 7.79545 (octupling); (a) r,= /.79548 (16-fold); (e) rr = 7.796 
(haeri@s (£) rp = 7.798 (chaotic). The scaie for f differs ee that 
for (a) to (e) (taken from Ref. 29). 


two segments are traversed alternately. At r,,~ 7.7949 period doub- 
ling leads to the four segments shown in Fig. 9(b). Further period 
doublings 2"T occur at r_%7.7953 (n= 3), in ~7.79546 (n=4) and 

= 7.9550 (n=5). The Solutions for n=3, 4 are shown in Figs. 9(c), 
® (the apparently discrepant numbers given in the caption to Fig. 9 
are taken from Ref. 29 as of course is the whole of this discussion). 
For r,,> 7./955 there are no periodic solutions and the motion is on 
a strange attractor. Figs. 8(b), (c) show such motions for rp = 7.796 
and 7./98. The former shows motion in the neighbourhood of one 
(unstable) asymmetric oscillation. The latter moves between such a 
one and its mirror image. In both cases the motions have a compli- 
cated braided structure as shown in Figs. 9(e), (f). These braidings 
are expected to present themselves on ever diminishing scales. For 
r,,> 7.8 these attractors lose their stability and the motion spirals 
into a fixed point as shown in Fig. 8(d). 
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Period doublings at values r , with an accumulation point at 
lim r "/ with chaotic motion beyond that limit point seems to have 
universal character. Feigenbaum*® showed that for a wide class of 
difference equations the quantity analogous to 


~_ -1 
1, ) r,@™ ) 


Ol = 1D (4.27) 


T 


tends to lim, 6 = 4.6992 ****, Weiss and colleagues in Ref. 29 find 
6, = 2.32, by = 4.32, 63=4.58, 6, = 4.67. Our demonstration that the 
equations (4.26) for thermosolutal convection are a particular case 
of the laser equations (4.25) with saturable absorber, and the equiva- 
lence of the laser equations (4.22a) to the Lorenz equations, shows 
that the damped M-B equations have a universal character which is not 
peculiar to lasers with positive pumping (or with positive and nega- 
tive pumping as in (4.25) in their envelope forms (4.5) with (4.1) 

(in which spatial variation is eliminated). 


5. SEMICLASSICAL THEORY OF OPTICAL BISTABILITY 


Here we consider (4.11) with A<O. If the atoms start in their 
ground states A=-l. It is convenient to set -4CA=+4Cn. We can 
scale y and x=evT T, to get the steady state in the form 


y=xt 4Cnx/[l+x*] , (5.1) 


and this is plotted for different values of Cn in Fig. 10(c),For 
4Cn< 8 there is only one stable state; for 4Cn=8 there is a point of 
inflexion where dy/dx=0 and d*y/dx? =0. Beyond this there are two 
stable states (= minima of 9) as snown in Fig. 10(d) but the system 
is monostable for still larger Cn. For 4Cn=10 the Fig. 10(c) shows 
two stable branches for x against y and an unstable branch connecting 
them is shown dotted. The dotted line parallel to y = constant shows 
the jumps, with hysteresis, actually followed as the coherent jumping 
parameter y is increased and then decreased. This equation of state 
x against y looks like a V,p plot for a first order phase transition. 
But in the neighbourhood of the critical point 9¢y/dx* =0, dy/3x=0, 
with 2Cn=T the transition is equally well described as a second 
order phase transition?9. 


For comparison the Figs. 10(a) and (b) shows comparable results 
for the equation of state for the laser derived from (4.11) with 
n=tA. The laser operates on y=0O and Fig. 10(a) shows unstable 
regions dotted. The field x«<e jumps to finite operating values on 
y=0O for 4Cn>1 and these values minimise $ as Fig. 10(b) shows. 


Note that all of these phenomena have emerged from the envelope 
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Fig. 10. Comparable results for the laser A>O and coherent pumping 
y#0O and A<O: (a) equation of state for the laser derived from equa- 
tions (4.11) with n=+A>0O. Without an injected signal the laser 
operates on y=0. The dotted regions are unstable. The field X jumps 
to finite operating values for 4Cn>1 and these values minimise 6 
shown in (b). In (c) y and x from equations (5.1) are plotted for 
different Cn=-CA and A<0O. The Fig. shows how two stable states 
emerge from one. These stable states are minima of ® shown in (d). 
The system is again monstable for still larger Cn (taken from Ref. 21) 
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B-M equations (4.1) (4.5) without spatial variations. We are on 
exact resonance: there 1S incoherent pumping A>O and no coherent 
pumping (y=0) for the laser; there is incoherent pumping -1<A <0O 
and there is coherent pumping y#0O for the bistability. The latter 
is called "optical bistability” and at resonance it is purely 'absor- 
ptive’ optical bistability. A closely related theory of 'dispersive' 
optical bistability appeals to the same equations. The atoms must 
lie inside a cavity whose excited mode is detuned from the wave 
number we7!. In practice the coherent pumping is imposed by a field 
entering the cavity from outside and the induced field ec is observed 
as a transmitted field emerging from the cavity. Thus the cavity acts 
as a Fabry-Perot interferometer and plays an essential role. We 
return to cavity action (necessarily all too briefly) in discussion 

of the quantum theory below. 


However, it would be incomplete, in view of the Lorenz model 
considered in §4, if we left the theory of optical bistability, even 
in the simplified form given in this section, without noting the pos- 
sibility of actually observing a strange attractor in the laboratory. 
A ring cavity has the property of admitting light which can then be 
either simply transmitted or made to follow a track back to the 
input point from which it can repeat the process. A very much 
simplified theory goes as follows: The linearised theory of §2 
yields the refractive index m(w) and its despersion relation (2.12b). 
This becomes non-linear by noting that the right side of the driven 
oscillator (2.9b) involves -2pit hy r_ (x,t)E(x,t). Linearisation puts 
ri =i. We might therefore expect that in the non-linear regime at 
low enough densities n there is a refractive index of the general 


form®?!. 


2mnp7h7 (1+ (w)?T, 2) 


m-l = 


(5.2) 
(AwtiT >") (149°T, T+ (Aw)?T 2 ) 


We have substituted r (x,t) *>N where N is given by (4.2) and guessed 
the corresponding form of N off-resonance. This form is essentially 
correct3!, Evidently, for small enough 2%, m-l =m -1+A0* where m 
1s the linearised value. It follows that in the path round a ring 
cavity of effective track length L there is a phase shift (phase 
delay) ¢ = we7tmL and d is of the form om + BQ*. The field at 
the entry point to the ring cavity consists of the sum of the 
input E, and the field En which has traversed the ring on its nth 
loop. Th field is of the form E,eten since $, depends on E, as 
by = % +BE*. We therefore obtain a different equation of the 
form ; 
1 +BE 
= FE pe n> (5.3) 
ntl O n 


This map, due to Ikeda** goes into a series of bifurcations forming 


limit cycles of period 2vT, v=1,2, °** (another period doubling 
sequence: T~m be 1); and after an accumulation point it moves onto 
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Fig. 11. Strange attractor for the output of a Fabry~Perot cavity 
(taken from Refs. 33). Successive plots of Im E against Re E_ (ana- 
loguous to E_ (from (5.3)) fill the region shown in (b). In "(a) a 
Hopf bifurcation moves the system from a fixed point to a limit 
cycle and oscillation. 
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Fig. 12. Spectrum of an oscillatory output from a Fabry-Perot cavity 
(a) and the comparable spectrum of the strange attractor (b)(taken 
from Refs. 33). 
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Fig. 13. (a) Time evolution of the oscillatory output shown in 
Fig. 12(a); (b) time evolution of the strange attractor (taken from 
Refs. 33). 


a strange attractor. The corresponding attractor for a Fabry-Perot 
cavity is now reported by Firth et al.?? and their attractor is 

shown in Fig. 11(b)+- The Fig. 12(b) shows the power spectrum and 

Fig. 13(b) the time evolution of what is essentially the output field 
amplitude. Fig. 13(a) shows one limit cycle. Ikeda'’s predictions?4 
have been confirmed by an experiment using a hybrid optical device?” 


FOr? OE. ug = BE (say) and one finds from (5.3) that the 
input Ey and the output E are related by a sequence of hysteresis 
loops rising in position with respect to E as E increases. This 
means the system is stepwise excited a feature also shown by the 
Frohlich oscillator!*, but it is also stepwise de-excited with 
hysteresis. A slab of dielectric (which acts as a Fabry-Perot in- 
terferometer) acts in the same way. 


Note that the work reported at this meeting by McLaughlin?° is 
also concerned with the ring cavity —- namely with 'transverse effects' 
there. Throughout we have been concerned with propagation in one 
space dimension z. Effects in the transverse directions, x and y, 
are also often important — self-focussing for example°. In the 
present case, inside the non-linear medium, (4.11) is replaced by 


Oe We ue, ae. -2mnp*h7!T, (1+idwT Je | 
e i xe | ai eee na eA 28 (5.4) 
(l+e*T, T+ (dw)?T,*) 


The non-linear form on the right compares with the corresponding 
expression in (5.2): Ve 2 9*/dx*+92/dy2 and F is a reciprocal length 
involving the Fresnel number measuring the transverse diffraction of 
the transmitted beam (compare Ref. 5). In one transverse direction 
(x say) this equation is still not integrable in the sense of Ref. 

8. It is close to the integrable non-linear Schrédinger equa- 
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tion (refer to §3 just before eqns. (3.5)) and has solitary wave 
solutions (in x and z) as well as solutions which approximately 
combine several of these. The transverse intensity along x is then 
made up of a series of pulses. McLaughlin indicates that these may 
bifurcate to oscillation with subsequent period doubling. Chaotic 
motion is therefore expected. Note that the pulsed transverse profile 
is an example of 'filamentation': normally this involves ultra- 
intense transmitted powers (certainly > 1 Megawatt cm“). Here we 
are concerned with 100 mW cm™ or less. It is interesting to specu- 
late whether such filamentation is important at the still much lower 
radiation intensities which can be significant to biological systems. 
Such filamentation seems to underlie the work in Ref. 36. 


6. THE QUANTUM THEORY 


The simplest quantum model, which is so far the only tractable 
one, deliberately eliminates spatial effects by placing all the atoms 
on the same site. This proves to be less drastic than it sounds and 
close agreement of some of its predictions with the results of recent 
experiments?’ has been found. Physically the model assumes that a 
large number of atoms lie within a cubic wavelength A? associated 
with the wavelength \ of the radiation. Coulomb interactions are 
ignored. The evolution of the atoms is co-operative and the model 
was introduced by R.H. Dicke?® with this in mind. We refer to it as 
the Dicke model in this paper. In the experiments?’ }=2mm. The 
model should therefore certainly be applicable for frequencies 
10? - lol! yz, — namely in the frequency range of the Frohlich 
oscillators}, 


Given the single site assumption it is natural to introduce 
operators for N atoms 


N N N 
S = 1 = i = i . 
x bout) » Sy Ley » 8 = 2 o,G) (6.1) 


and find, through Heisenberg's equations of motion for a Hamiltonian 
= It -_ u e 
H= fiw S +H, - pas + e(t) , (6.2) 


equations of motion for $ = (S ,S ,S_). In (6.2) the Hamiltonian of 
the free atoms is thw S$: H,. is "thé Hamiltonian for the free quan- 
tised e.m. field; and’e (t) 1S a quantised electric field operator. 
Because of the single Site assumption we can ‘reduce’ the problem to 
one for the evolution of S$ alone. (We use S for a spin operator not 
§). 


We follow our previous notation and define 


S| = z(S +i s) (6.3) 
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and use 2S, for S_. The commutation relations are 


[s,s J=2s8, [8 ,s,]=+8 (6.4) 


+ 
The simplest equations one can find are collecttve Bloch equations in 
the form 
<S i? = 2y ,<5,5,7 - 219 <S_ > 
<S >= 2y <S_S > + 21N<S_> 
o zn Zz 


<§ >= -2y <S,S_> - iMl<S > - <S_>] (6.5) 


which should be compared with (4.1) at exact resonance (Aw=0). 
Resonance of the coherent driving field 2 is assumed in (6.5). The 
difference from (4.1) is that 2 is now an external driving field. 
There is no envelope Maxwell field equation like (4.3) for and the 
collective field is already thrown between the atoms via the operator 
non-linearities §.S ,S S and S$,S. The notation is as before that 
Q=phE is a Rabi’ fréquency for the coherent driving field amplitude 
E and resonant frequency w . The e.m. field is in a single mode 

O . _ ~] 
coherent state | a> where a*E and the mode wave number is k =woc . 
The number Yo aly (T,7")- ° 


The operator non-linearities are new forms of non-linearity more 
fundamental than those introduced so far. One way to treat them is 
to write them as products of c-numbers by approximation. Expectation 
values are taken in (6.5) so we could for example write the expecta- 
tion value of the operator product <S5)? as the product of expecta- 
tion values 


N (i) N 
<S,S5.> = < ) O, - 3) 0, (i)> 
i=l i=l 
~  <S,> <S> (6.6) 


and do the same for other nonlinear terms. This sort of procedure is 
called 'de-correlation' and ignores specific quantum effects which 
arise as fluctuations about this approximation. We show below, it 
leads to some features of a phase transition. This particular phase 
transition emerges in all detail as an exact solution of the quantum 
theory which we consider below. First, we consider a de-correlation 
procedure of slightly different character. By the operator algebra 


@ 2 6 @,O.L,@ 


+ Z Z 


6, G#I). 6.7) 
Then we approximate 


<S S> = ; <oO (i), 
+ Z . + 
1=] 
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& -l<g"> + (1+0 (N7" )<S|><S_> (6.8) 


Then, if ¥= v20/iy | X={22 - iy (1+0(N')<S >}/ (idv2y ), we find the 
Steady state solution y ° 


<S> = <S > = LYONX [1+x2]7] 
y ss 


x ss 
<S > —!N[ 1+X? ]7! (6.9) 


Z SS 


and the equation of state 
Y = X + (N-1)X [1+x?2]7! (6.10) 


which is a form of (5.1)! The external field Y< provides coherent 
pumping and the system is bistable for large enough (N-1). The term 
in (6.8) -3<S,> can be identified as normal radiative damping. Thus 
(6.8) simply places contributions from radiative damping into this 
term. The remaining interatomic collective interaction is contained 
in the remaining term (which is a sum .4. of interatomic terms). 
Thus the physics of this result is whol'ty reasonable. Nevertheless 
the particular form of de-correlation epitomised by (6.8) is crucial 
if simple optical bistability is to be derived. The exact quantum 
theory gives a different result and a cavity is needed for optical 
bistability as will become plain shortly. 


Still the result has interesting features. Not least of these 
are the spectra of scattered light shown in Fig. 14. The different 
cases are associated with the points (A), (B), (C), (D), (E) shown 
on the equation of state (6.10) |x| against Y. Plot (A) is a broad 
band Lorentzian which narrows (through ‘critical slowing down') near 
the phase transition as shown by (B), which has a sharp spike. Plot 
(D) with hysteresis shows essentially the same thing. The three-peaked 
Spectrum on the upper branch at (C) is typical of tnucoherent resonant 
scattering. On the other hand we can associate the scattering on the 
lower branch with coherent phenomena. The phase transition is from 
coherence to incoherence (with hysteresis) as coherent pumping Y 
increases. As usual the branch with negative slope in the equation 
of state is unstable. 


We return now to the de-correlation procedure (6.6) and then go 


on the exact quantum theory it represents. If we de-correlate all 
three non-linearities in (6.5) in the style of (6.6) we get 


<S >= 2y <S > <S > -— 22 «<S§ > 
; o “y z z 
<S >= -2y [<S >2 + <§ >2] + 22<58 > (6.11) 
0 7x y y 


which also may be compared with (4.1). Despite the apparent damping 


Fig. 14. 


Spectra of the fluorescent light associated with the de-correlated theory with equation 
of state (6.10). The different cases (A) - (D) are marked on the plots of this equation 
of state |X| against y at the bottom right. The coherence of the lower branch and in- 
coherence of the upper branch is epitomised by the different spectra. The numbers A, 

Fj and F, refer to detuning, and certain shifts not described here (taken from S.S. Hassan 
and R.K. Bullough in Optical Bistability, eds C.M. Bowen, M.Ciftan and H.R. Robl, Plenum 
Press, New York, 1981). 
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e > e 
there is now a constant of the motion <S>2 and we can define a Bloch 
sphere radius N72<S>*=1. There is a solution with <S> = 0. Then 


if <8? = 4Nsino and <S o> = -2N cos o we need 


G + y Nsino — 22 = O . (6.12) 
This has the steady solution ¢=0 with 
N71 <S> = sino = Oy ONT (= $0) . (6.13) 


Then NI<s > =+1/1-0% providing 0<1. For 021, <S,>=0 and the 


system oscillates in Lotka-Volterra cycles over the whole of the 

Bloch sphere?°, One consequence (for N>~) is to generate all 
frequencies 22,42,62 *** 3; and these produce an infinite set of side- 
bands in the spectrum. The 3-peaked spectrum is as before (see (c) 
in Fig. 14) and the spacing is 22; but there are also side-banda © 

at +40, +62, etc. Evidently there is a bifurcation, with order 
parameter 0, such that N?<S >=0, 0>1 and N7<S >=+ i v1-0, 
O<@Q<1. The lower branch 21 Y1-67 must in practice be the stable 


branch. 


This very interesting transition has some features of a second 
order phase transition, but we have been unable to categorise it 
completely this way’®. It does seem to describe what happens in the 
exact quantum theory quite well, leaving aside effects due to quantum 
fluctuations, — as we show next. And this seems to mean that the 
optical bistability found at (6.10) from (6.8) is actually spurious! 
We show how to get optical bistability from the model shortly. 


Instead of the system (6.5), which can be read as a non-linear 
operator equation, one can always find the equation of motion of the 
density operator p. This is taken in Schrodinger representation and 
proves to be 


~| do = 7 A _- 
Yo at gl S.p + S_p oS, oS] 
+L2S_pS_-8,Sp-p8,s_] (6.14) 
where g= -iny ol. Exact steady state solutions of this equation were 


first given by Puri and Lawandet!. These have the property 


0, 7 (8)? (8,)% =, |g] > 0 


+ I/ (2S+1) » [gl > (6.15) 
where §2 = s S_+5 85 +5 2 is a constant of the motion, I is the unit 
operator, and s=}3N. The steady state solutions are: 

2N°- 
_ N+1 {NO 
ss = Oy w1esy> = Jo [1 - a | 
Ne S82? 2 + in a9 Sn D) 
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Fig. 15. The solution (6.16) for Fig. 16. The solution (6.16) for 
m, = <S,>N71 against 0=2|g|N-1. <S,>N71, 
Note the sharp ‘phase trans- 
ition' for N+, 


Fig. 17. The quantum fluctuations o__ for the solution (6.16), There 
are no quantum fluctuations (o,,=0 for N >= and O<0<l, and the 
system is in an atomic coherent state. 


where 


N ' t\2 
o=2lelvt ; p = ) Semi Ded lel?) 


reg «(Nor)? (2r+1)! (6.16) 


This complicated solution is plotted in Fig. 15 for m,=<S >No! 


against 0 and in Fig. 16 for <S,,>N7! against 0. For N+ “with © finite 
there is a sharp 'phase transition’ at O=1. 


The nature of this phase transition is indicated by the plot of 
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0 


-_ {<s *> - (<S>)*} N74 (6.17) 


which is shown in Fig. 17. Below threshold at 0=l1,o =0. There are 
no quantum fluctuations for N+ and one can show that the system is 
in an atomic coherent state'*. Above threshold o__ rises to about 
0.08 (for No) and quantum fluctuations play a role in this region. 
This behavior is missed by the de-correlation (6.6). 


One way to find quantal behavior is to look at the scattered 
radiation. The scattered intensity can be referred to the atoms as 
sources. A measure of that scattered intensity is <S, (~)S_(~)>= 
GQ) (0). The argument O refers to a time t=0, but this is a corre- 
lation time. The arguments ~ indicate that the steady state is sup- 
posed reached . In principle all the intensity correlations 


nh 


6™ 9) = <s."S "> = Tr(s."S_"5__) (6.18) 


Ss 
can be measured and so can correlattons of intensity described by 
e.g. 


G(r) = Lim <s, (t)S,(t+t)S_(t+7)S_(t)> (6.19) 


This quantity is usually normalised to g(2) (7) = 6) (1) / {64 ) (C0) #. 
Note that <S,5_> is the intensity because S, are measures of the 
collective dipole in the system. The theory of quantum measure- 
ment shows that all operators must be in the ‘normal order' S. 
followed by S$ in G™)=<sg "5 ">, 


For the model described here we find for N=1 that 


G2 )(0) = |gl* C1+2|g/277} 
G(2)(o) = oO (6.20) 
We have 2) (9) = (s" sy 644) (939 and for N2 2 
lin g™ (0) = 1, n=1, 2,***, N (6.21a) 
lg| +0 
, i (2) (0) = 1.2 (for N+~) ; (6.21b) 
gl ao 


The quantity g (2) (0) is a key measure of coherence. For a coherent 
state g"/(0)=1,for all n=1,2,°****,so (6.2la) indicates a coherent 
state for |g|+0O (and N+ for Q finite). On the other hand black 
body radiation has g)(0)=n!, so g(2)(0)=2 and is a measure of 
incoherence. So we see from (6.21b) that the system is partially 
coherent as |g] + (strong fields 2+” with N). Thus the phase 
transition is one from coherence to partial coherence as the parameter 
© increases. Notice we actually work at 2, N+ but © finite in 

order to define a sharp phase transition in ‘thermodynamic limit’. 
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Similar behaviours occur at finite N: for example 2(2) (0) = 
& (N-1)(N+3)/N(N+2) for finite N as |g] +0(|Q] +) and 2(2) (0) +1.2 
As N+” in agreement with (6.21b). Notice too that for N=1, G(2) (0)= 
O. This means the opposite of black-body coherence ge) (0) = 2. In 
the latter photons act as bosons and 'bunch'. Bunching leads to the 
observable intensity-intensity correlation g(“) (0) =2. Evidently 
@ (2) (0) =1 means 'no bunching’. So g(2) (0) =0 means ‘antibunching' 
— a feature associated with the fermion character of the electrons 
in atoms. Antibunching has been seent?. Some results for G(')(0) 
calculated for different N from the present model are shown in 
Fig. 18(a). Results for g(2) (0) are shown in Fig. 18(b). 
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Fig. 18. (a) Results for G)(0) =<s S_> calculated for different N; 
¢ (2) (0) = <s ¢ s*>/|c, (0) /2 is plotted in (b). Note that e(2) (0) +1.2 
(partial coherence) for N*~ and 0+, and there is a sharp transi- 
tion at 0=1. Forsmall finite N,g(2) (0) <1 (antibunching). The inset 
gives comparable results for the de-correlation (6.8). 
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These results of the exact quantum analysis tell us that a phase 
transition occurs in the coherently driven Dicke model which 
is not a phase transition of optical bistability type treated in §5. 
The de-correlation (6.8) leads to the optical bistability of (6.10) 
solely as a consequence of the approximation. There is a physical 
interpretation, because the radiation damping from simple atoms 
is isolated by the - 458,> term in (6.8) for example. The 
exact quantum theory contains this damping as part of the total 
collective action. In order to find optical bistability from the 
quantum model one must include (in some way) the effects of a cavity. 
We then find optical bistability from the coherently driven Dicke 
model providing the system is not decorrelated. Some results are 
shown in the Fig. 19. Our conclusion from this analysis is that 
both the quantum theory, and its fluctuations, and the cavity are 
necessary for the optical bistability phase transition. One or 
other by themselves is not sufficient. This conclusion seems to 
put in doubt all of the work of §§3-5 where neither a cavity or 
quantum features were taken into account: This point is yet to 
be understood. There seems to be a crucial difference between 
the small system (the point system of the Dicke model) and large 
systems. On the other hand the small sample Dicke model is NOT 
unphysical, 


iat iy 
mh 


. 
| = - | 
0.0 — ‘ , ee —— 
r r yo 1 td 
Z ee eee eee eee ie a ee 


"0.00.51 
Fig. 19. Optical bistability for the quantum Dicke model coupled 
to a cavity. There is no optical bistability without the cavity or 


after the de-correlation approximation (that is without quantum 
fluctuations). 
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In this case we couple the model not to a single mode coherent 
driving field but to a broad band incoherent one. A typical and 
realisable example of a broad band chaotic field is a thermal field 
that 1s black-body radiation. The equation one has to solve is the 
master equation+*»*9. 


do _ os 
dt = il (H\+H, +H)» J + hp + \ 0 

_ tT . _ _.T 
Hit, = WS, + Waa 5 Hog ig(aS_ as) 
Ae = 2y Citn)L2S 9S) - SSip - pS S_j 


+ 2y nl2S.oS_- S So - pS S| 


_ + + ; _ + ¢ ; 
Ae = «(nt+1)(2apa - a ap -pa a) + Kn(2a pa - aa 0 -paa ) (6.22) 


The operators a , a' annihilate and create photons in a single cavity 
mode; Ap describes stimulated and spontaneous processes out of the 
upper atomic states (term in (l+n)) and stimulated processes into 
these (term in n). The number n is the mean photon occupation number 
in the incoherent driving field of those modes resonant with the 
atoms at the frequency w_. For so called ‘bad cavities' on which 
experiments have recently been done®’ it turns out that Ap can 
actually be dropped from (6.22). 3 


If one uses <S > =Tr(ps ) and defines the atomic inversion 
r = Nl <s_> much as above one finds (for very bad cavities k > ~) 
tfiat (6.22) reduces to the Einstein rate equation 
= — +4l)y) — 7 
r YG 6", 3) ay nr (6.23) 


if, but only if, all collective action between the atoms is ignored. 
This way one finds 


r= -$/ (1+2n) ; <S> = Nr = -4N/ (1+2n) . (6.24) 


If N, atoms are in their upper states and N_ in their lower states 
evidently N_+N_ =N and N -~N_ =2Nr_. Then N= IN+ Nr =Nn/ (1+2n). 
This result is essentially due to Einstein. 


Actually the time constant in (6.23) is y_+g%«!, y or g2x7! 
according as both of A_ and A, or A_ or A, alone are reta?fned in 
(6.22). A very differént result from (4.24) is obtained if all 
the collective effects are kept and one works with the full quantum 
theory (6.22) with or without Aa One finds 


N= x01 - (net) + xSP a - x - xt, Ny (6.25) 


where X=n/ (l+n). From (6.25) one finds 
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/ (1+2n) N= 1 
(simply) for N7o ., (6.26) 
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i 
Bi 51 


That this result is correct has just been shown by Haroche et al in 
the first of two experiments?’. These scientists couple black-body 
radiation in a cavity to a beam of Na atoms which have been excited 
by a laser to the high Rydberg state 3081. The cavity is tuned to 
30S: > 30Pi transitions and the wave-length A’ ~ 2.25 mm. This means 
there can be a large number of Na atoms (up to 30,000 in the experi- 
ments) within a volume ~ i, so the Dicke model becomes applicable. 
In practice behaviours with asymptotes 2n were seen (there are two 
possible Dore seat tone). The Fig. 20 shows results for two differ- 
ent temperatures T= 300 K (n= 47) and T= 900 K (n=137). The 
ordinate <Ne(At)> is what we have called Ny It evolves to (6.25) 
and depends on time t . 


I 
—<$<$$A__4 SSS" a 


| 
39000 10000 


Fig. 20. Plots of the number of Na atoms N, = <Ne (At)> in the Rydberg 
state 30P! after starting in the 3081 state. The atoms interact 
with a resonant mode of black body radiation at two different 
temperatures inside a tuned cavity. The asymptotes 2n=94 (T= 300 °K) 
and 2n = 274 (T = 900°K) of the solid curves form a good fit with the 
observed data (taken from S. Haroche in “Proc. Les Houches Summer 
School XXXVIII", R. Stora and G. Grynberg eds., North Holland, 
Amsterdam (to appear 1983)). 
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There is actually a very simple explanation of this behaviour 
for large enough N. The N 2-level atoms form a ladder of states 
Separated by equal energies Tiw_. Together ther is the eigen- 
spectrum riiiw y We 1,25 666 4 This is just the spectrum for what. 
is a giant quantum oscillator. It will obey Bose-Einstein statistics, 
and the number of excited states is the number of excited atoms i ae 
which is the number of photons excited at that frequency — namely n. 
This 1s what is observed. Notice how the collective properties of 
the atoms have changed from those of a single atom! 


In a second experiment?’ Haroche and colleagues observed the 
probability P ft) of finding m=N_ atoms in their ground states 28P 1 
at time t after starting at t=O in the excited states 29S;. It is 
known that collective action in this case leads to the emigsion of a 
short relatively intense pulse of light much more quickly than the 
spontaneous emission of radiation from the atoms acting independently. 
The phenomenon is called 'super-radiance' from the original work of 
Dicke who studied his model for initially inverted atoms without 
driving field?%. It may also be called 'superfluorescence'>. A 
key feature is that the radiative time constant ae gains a 
collective factor ~ Niy >Ny 


Haroche's second experiment shows that P_(t) evolves through a 
Bose-Einstein type probability distribution, where it is monotoni- 
cally decreasing with increasing m, through a bell-shaped region, 
and then finally to Bose-Einstein in equilibrium with the radiation. 
Some results are shown in Fig. 21: the solid curve is an approximate 


Fig. 21. Evolution of the probability P_(t) of finding m=N atoms 

in their ground states (28P; states) after all starting from 29S; at 
t=0. The solid line is an approximate analytical solution of (6-22). 
The function P_(t) is of Bose-Einstein form for small and large t. 
But during super-radiant pulse emission P (t) takes on the bell- 
shaped form typified by the laser in a coherent State. 
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Fig. 22. Plot of 262) (9) eq.(6.22)(dotted curve) at diffgrent times. 
Also shown, emitted super-radiant pulse (solid curve) g¢ (0)= 1 (co- 
herence) during FBS Super-radiant emission, but settles on 2 after 
large swings): g* “(0)=2 is typical of incoherence and photon bunching. 


analytical solution of (6.22). The bell-shaped region can be seen 
(but not the subsequent evolution to Bose-Einstein). This bell- 
shaped region has some aspects of the Poisson statistics associated 
with the coherent state? which is predicted for the Single mode 
quantum laser well above threshold?. Thus it seems some aspects of 
coherence surround the dynamical process of super-radiant emission 
from initially inverted atoms. The final transition is to inco- 
herence as with the state associated with the ane Ch yeaa type 
distribution. The final Fig. 22 shows a plot of g (0) calculated 
from (6.22) at small times t <<: on the same Fig. 22 is imposed the 
profile of the super-radiant pulse intensity. Evidently coherence 
g(2)(0)*1 occurs during the maximum of the super-radiant emission 
and incoherence g\*)*2 is associated with the early and final states 
of the system. 


7. CONCLUSION 


It is possible to show from the accepted principles of quantum 
electrodynamics that a coupled system of 2-level atoms and quantised 
electromagnetic field is governed by the operator Bloch equation (2.3) 
defined at each point x with E(x,t) now a quantised e.m. field 
operator together with the quantised form of the Maxwell equation 
(2.5). There are subtleties about the demonstration many of which 
are associated with radiative damping and radiative level shifts’®. 
Neverthless one can derive damped operator Bloch-Maxwell equations 


this way with c ey Ty? = 2y 0 Thus, of the quantities introduced 
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in this paper only the cavity damping constant kx needs to be added 
phenomenologically. The work of §6 shows that the passage to the 
c-number Bloch-Maxwell equations (2.7), which are fundamental to this 
paper, will eliminate some specific quantum features. Nevertheless 
we have seen from the material presented in the paper that one set 

of equations, the Bloch-Maxwell equations, operator or c-number, 
describe a remarkably wide range of different observable optical 
phenomena. In particular we have seen that the Bloch-Maxwell 
equations in envelope form, which are a simple but, nevertheless 
intrinsically non-linear, system of equations, lead to quite differ- 
ent behaviours according as time scales, or space scales, or pumping 
parameters or coherence features are changed. For example in §3 
evolution in space as well as in time is important; but the life 
times of the optical pulses involved means that both T, and T, can 
be dropped and k becomes irrelevant. In 884 and 5 spatial varlation 
1s factored out through cavity modes or spatial averages but T,, T, 
and Kk as well as pumping parameters become crucial to the behaviours. 
In §6, a quantum analysis, spatial variation is eliminated because 
the space scale is ‘so small; but T, and T, play a role or not depen- 
ding on interpretation and «x must be introduced for bad cavities. 


This wide variety of behaviour becomes possible through the 
collective action of the atoms. Analogies of the subtle collective 
actions we have described may find an equally subtle role in biolo- 
gical systems perhaps not necessarily through the intermediary of 
the transverse part of the electromagnetic field handled in this 
paper. The remarkable dynamics displayed by the Lorenz equation 
forms (4.22) of the envelope Bloch-Maxwell equations emphasises the 
extraordinarily complicated oscillatory motions which can emerge 
from a relatively simple system of equations. They also illustrate 
how the same equations can emerge from two quite different physical 
contexts — laser physics on the one hand and convective hydrodyna- 
mical instability on the other. Complicated collective oscillatory 
motions must inevitably be a feature of biological systems and their 
existence will be important to their dynamical stability and flexi- 
bility of operation. We can only speculate whether the strange 
attractor plays any role in this dynamics. 


In my view the ideas surrounding coherence and incoherence are 
likely to be just as important. It should be remarked here that, in 
the case of the coherently driven Dicke model of §6, the state with 
<§ >#0 for 0<0O<1 is essentially an atomic coherent state. Such 
states are described’? for all N although they become eigenstates 
of some operator for only N>~. It seems more than possible that 
atomic coherent states such as these, as well as the many different 
dynamically controlled processes we have described in this paper, 
could all play their roles in biological systems. 


The two most important points we have tried to stress in this 
paper are these: nonlinearities transform the actions of a system 
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into a rich and various field of behaviours very different from those 
predicted by their approximated linearised forms. These behaviours 
are various and different even though the equations describing them 
remain basically the same. Key effects can be produced by the 
operation of very different time scales, or space scales, or both, or 
as bifurcations induced by what may be very small changes in control 
parameters. Collective action in which atoms co-operate to produce 
behaviours very different from those exhibited by single atoms is 
also a hall mark of all the processes we have described. Collective 
action, dynamically controlled, is surely the secret of all biolo- 
gical processes. 
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ABSTRACT 


Some theoretical models for nonlinearly oscillating phenomena 
in biological systems are discussed. We start with the necessary re- 
quirement for the creation of self-sustained oscillations (self- 
organization). Regular external perturbations interact with the in- 
ternal oscillations, the system can be synchronized to the external 
drives (entrainment). A sharp frequency response results, exhibiting 
both, frequency and intensity windows and a rather irregular beha- 
viour near the entrainment region. 


A further increase of the external (static and periodic) fields 
can lead to sequences of period-doubling bifurcations, alternating 
with quasiperiodic and irregular regions (quasiperiodicity, chaos). 
As a consequence, a regularly driven self-oscillating system exhi- 
bits intrinsic chaotic behaviour though the underlying dynamic is 
strongly deterministic. 


Finally, the energy input destabilizes the system (collapse), 
leading to the onset of propagating pulses (solitary waves), i.e. a 
nonlinear temporal structure gets replaced by a non-linear spatio-~- 
temporal structure. 


The possible relevance for specific biological effects will be 


discussed, including threshold behaviour, time of irradiation, ex- 
treme sensitivity and its changes by external means. 
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INTRODUCTION 


Fréhlich has promoted the ideas that coherent excitations can 
be established in metabolically active biological systems (1). He 
proposed three types of excitations within his general theoretical 
developments: 


(1) high excitation of a single mode (Bose Condensation Model) 
excitation of highly polar metastable states (High Polari- 
zation Model) 

(3) excitation of limit cycle oscillations (Coherent Oscil- 
lation Model), 


The concept of coherent excitations has gained increasing sup- 
port both by a series of theoretical investigations and by some 
extraordinary experimental results. A detailed discussion of Fréhlich's 
ideas as well as fascinating experimental results may be found in 
refs. (2, 3), where in addition much of the relevant literature can 
be found. 


The different types of excitations should play an important 
role in both, the dynamic order and the specific function of biolo- 
gical systems. Consequently, one has to expect that excitations of 
the proposed types could possibly lead to changes in the behaviour 
and function of biosystems. 


In the present work we restrict ourselves to the excitation of 
coherent oscillations of limit cycle type. Based on this concept 
some physical and mathematical models have been developed. In the 
"Brain Wave Model" (4) long range collective interactions within the 
Greater Membrane of the brain can establish slow chemical oscillations 
which are conne:ted to low frequency electric oscillations by means 
of the large dipole moment of activated enzymes. ELF fields can inter- 
act with the internal limit cycle (coherent oscillation); its fre- 
quency and field dependent collapse is discussed. Thus an explana- 
tion of the extreme high sensitivity of certain biological systems 
to very weak electromagnetic signals is given: the external stimulus 
may only serve as a trigger to start an internal response signal. 


The modelling of coherent oscillations by limit cycles (self- 
sustained oscillations) is intriguing. Besides hysteresis behaviour, 
1.e. bistability, this type of dissipative structure in systems far 
from thermodynamic equilibrium seems to play a dominant role in chemi- 
cal, biochemical and biological systems. 


An extension of a simple limit cycle system which has to include 
at least two stable limit cycles has been presented to model specific 
brain experiments (5). The external perturbation of limit cycle type 
of oscillations is the main topic of our presentation, the emphasis 
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of which is the different bifurcation routes from the onset of the 
oscillation to its collapse. 


We do not intend to discuss the detailed absorption mechanism 
of electromagnetic energy by biological materials. Some comments on 
the related questions can be found in ref. (5), where both, the under- 
lying dielectric properties and the consequences for extremely weak 
field interactions are considered. 


Furthermore, a number of contributions within this volume yield 
more information on both, the theoretical background and the ex- 
perimental findings (vid. the papers of Fréhlich, Schwan, Illinger 
and Keilmann, Webb, Adey, to mention a few). 


I PHASE A: ONSET OF A LIMIT CYCLE 


A limit cycle is a self-sustained oscillation: at the expense 
of a non-periodic internal source of energy a periodic process is 
created and stabilized. It should.be emphasized that necessary re- 
quirements for a limit cycle to be built up are* 


~ nonlinear interactions and processes 
- dissipative processes 


Without any external drive, a nonlinear oscillation can result from 
self-organizing processes, i.e. an intrinsic cooperative behaviour 
of the system dominates, no externally forced order is required. 
Both, the amplitude X;c and the frequencyWpc of the limit cycles 
are completely determined by internal parameters. 


* Limit cycles seem to be an adequate description of periodic pro- 
cesses and they are of fundamental importance in most modelling 
approaches. Solitons on the other hand are of increasing importance 
in the description of propagation processes. However, they describe 
processes in conservative systems, where limit cycles are not pos- 
sible. Since real systems are dissipative, loss processes should 

be included. These would lead to a soliton-like behaviour, i.e. 
solitary wave propagation and other travelling waves. Though of 
fundamental different origin, solitons (dispersive, nonlinear) and 
solitary waves (dissipative, nonlinear) are connected when only 

the resulting processes are regarded: signals are propagated 

losses are of secondary importance within the time of propagation. 
From this point of view, solitons seem to be able to play a 
dominant role for specific transport mechanisms similar to limit 
cycles for periodic processes. 
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Concept 

Periodic internal processes are modelled by limit cycle oscil- 
lations. The underlying mathematical description is given by non- 
linear differential equations, the solutions of which are stable 
periodic attractors (limit cycles): LC (X,¢,W tc). 
Models 


MI: generalized Van der Pol oscillator 


(1) 


This set of equations can exhibit 2 stable limit cycles with an un- 
stable one in between. x is the amplitude ofoscillations, e.g. a 
measure for the polarization; 4, 8, u > O are parameters. The es- 
sential terms are the nonlinear and linear damping terms (dissipa- 
tion), the competition of which is responsible for the onset of 
limit cycles (5, 6). 


M II: coherent oscillation model (Brain wave model) 


_7m2.,2 
Peye | a7) y 


Yo +taAovt (<7 e 


-Bv-aAov (2) 
This model is a combination of both, a nonlinear chemical reaction 
and specific dielectric processes (ferroelectric tendency). It 
combines slow chemical and electrical processes. Whereas the chemi- 
cal terms (yo, 8v, aA oO v) describe a slow Lotka-Volterra dynamics 
with an underlying very fast process (hidden in the parameters a, 8, 
Y), the ferroelectric term exhibits a sort of Van der Pol process: 
competition of nonlinear gain and linear loss processes. 


The model has been proposed by Fréhlich (4) on the basis of 
his general concept in order to describe slow oscillations in the 
greater membrane of brain. N = v + y/oA and S = 0 + B/oA are the 
concentrations of active enzyme and of substrate molecules, res- 
pectively. All parameters are positive. For c* > d2 a stable 
limit cycle exists; furthermore, an unstable steady state solution 
(fixpoint) or two unstable fixpoints and a stable one exist. The 
limit cycle exhibits the slow chemical and electrical oscillations 
of the model, both of which are coupled by the highly polar state 
of the enzyme. The resulting oscillation and phase plane diagrams 
are shown in Fig. 1. 
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Model II has been investigated in detail for a time-independent 
external perturbation (constant electric fields). The possible re- 
sults are given in refs. (7, 8). For our purposes it suffices to 
mention a specific result: if the external field strength F, goes 
beyond a critical threshold value F, 4, the oscillating state bi- 
furcates into a stable, non oscillating one (the internal oscil- 
lation is frozen in). 


Figure 1 : Oscillation (x - t; y- t) and phase plane 
(x = x ;V-0O) diagrams of MI (l1.h.s.) and 
MII (r.h.s.) ,respectively. For MI four 
different initial conditions are taken. 


1a PHASE B: PERTURBATION OF A LIMIT CYCLE 


The central point of the coherent excitation concept is the per- 
turbation of the internal oscillation(type 3 of excitations): 


LC (Xx Ww + ? 
(Xos Wo) + F(t) ——> 
We restrict ourselves to a systematic external influence; neither, in- 


ternal nor stochastic perturbations are discussed. Quite general- 
ly, we deal with systems of the following type: 
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bdo 
il 


P (x, y) + F cos At (3) 
Q (x, y) 


Keto 
ul 


or equivalently 


x = P (x, y) + FY cos > 
y =Q «&, y) (4) 
d= 


System (3) is a nonautonomous 2-d system, system (4) the equivalent 
3-d autonomous system. Eqs. (1), (2) are supplemented by a forcing 
term (vid. eqs. 3) to account for an external drive. A competing 
process results between the free internal and the periodic external 
oscillation. 


II.1. Phase B, Step 1: Entrainment 


An increasing external field strength F_ drives the free oscil- 
lation into a synchronized or entrained state, if Fy > F E: 
> 


LC (Kos WY) F_ cos tt 1 (X, A) 


The system obeys the external drive, it oscillates with the external 
frequency and with an amplitude depending on F . In addition, the 
oscillating system is driven through a series of quasi-periodic and 
nearly nonperiodic intermediate states. On the route from the free 
to the forced oscillation,one finds near the region of entrainment 

a nonlinear superposition of free and forced oscillations: 


free internal "mixture" of free forced 
——__—-_> ——_—___ > 


oscillation and forced oscil, "Osy oscillation 


The mathematical results and related specific effects are shown in 
the following scheme: 


frequency response curve: sharp resonances MI, 
complete entrainment, F > F : threshold 


; ; O,E. . - 
long transient periods: ime of irradiation effects | MII 


transitions L Ci <> LC, €— > | frequency windows MI 


—»nonoscillating f intensity windows 
states 


These results are the typical ones for externally driven self-sus- 
tained oscillating systems. A well-known example is the Van der Pol 
oscillator (9). For MI and MII, details of the transitions to en- 
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trainment are to be found in refs. (3,5,6). Furthermore, some other 
specific types of behaviour have been investigated, the most rele- 
vant of which are briefly discussed: 


1. for A\<<w._, on finds a partial occurrence of the fast internal os- 
cillation during one period of external drive (i.e. 27/A) in the 
case of MI (fig. 3), 


2. for MII the fast internal oscillation (frequency conditions as in 
case 1 )is dominating, the slow external drive leads to an in- 
creasing modulation of the amplitude with the external frequency 
(beat phenomenon) (fig.2), 


3. MI exhibits,in addition, for certain values of F_ and A transi- 
tions from LC, to LC, and vice versa. Details depend on the ini- 
tial conditions. For both transitions,the small limit cycle LC 
is in its entrained state, whereas the large amplitude cycle LG, 
is in its free internal state. In addition, large transients do 
exist. For a rather restricted frequency region,only LC, exists 
for Fy near Eee (specific intensity window). 


EAA 


FN ATLLUSHA A TLLUGHHHHAATLLOUUVVHHHTLORT THAT HELA 
a 


patti bivetalll mini li 


| | | 4 | 
il, iil, iil | i | 


Pye eeeryy 


Figure 2 : Oscillation diagrams for MII with AW. Com- 
pared to MI (vid.fig. 3), the behaviour is 
completely different. No entrainment can 
be reached with increasing F _, the beat 
oscillations collapse before the system is 
entrained. | 
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Figure 3 : Oscillation diagrams for MI withA «W, F 
increases from a) to f), the transition 
from the fast free to the slow entrained 
oscillation is clearly exhibited. 


II.2. Phase B, Step 2: Collapse 

An essential part of our modelling is aimed at an investigation 
of the excitation of the entrained internal oscillation and its subse- 
quent collapse leading to the onset of a response signal: 


L¢ (X 2%) ——> LC (A ) —~+ Collapse 


MI allows for these steps only for the small amplitude oscil- 
lation LC, where in most situations one finds: 


LC, (A) —> We, G, x ) 


LC, (Oo, x ) —> LC, (A ) 
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The large amplitude oscillation remains stable. MII, on the 
contrary, always performs a transition to a collapsing state. The 
critical field strength Fy is strongly dependent on the external 
frequency (fig. 4 ). Or 


0,C 
U 
S 
"LC \ 
Figure 4 : Critical field strength F as a function 
of the external frequency’ ( MII ).Above 
the line F (A) the system is unstable. 


U: unstabfaS S : stable region. 


II.3. Phase B, Step 3: Onset of Pulse Propagation 


The collapse of the oscillating system ( MII ) leads to the 
onset of specific types of travelling waves and propagating signals. 
A detailed investigation of the completely time-dependent problem 
requires rather complicated manipulations, which are still in pro- 
gress. 


A study of the problem, where only a constant external field 
and diffusive processes as the only space-dependent terms are applied, 
has led to some interesting results (10): 


1, the limit cycle remains stable with respect to spatial perturbat- 


1lons for a Fy .c ; 


2. for F (i.e.bifurcation of the spatially homogeneous pro- 
blem Lo a “UeSpie nonperiodic attractor) a spatial perturbation 
destabilizes all spatially homogeneous solutions; 


3. for Fy > F no temporally or spatially stable solutions exist. 


I,c 
A detailed stability and phase plane analysis shows, that three types 
of travelling waves do exist. The stability of these pulses depends 
on the internal parameters and on the resulting velocity of propa- 
gation. 
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Schematically, the different types of pulse propagation ex- 
hibit the following transitions: 


_— «am se oh om oD 


=_ ew mew we ee ee oD a oD 


Solitary wave Solitary wave Transition wave 


(transition like) (transition like) (up+down transition) 


III DIFFERENT ROUTES TO COLLAPSE 


The transition from the entrained to the collapsing states of 
M II yields bifurcation routes to excitation (11). The combination 
of a time-dependent and a constant field (i.e. F(t) = F. cosAt + FY) 
reveals further bifurcations. ° 


Separately, two processes govern different behaviour: 


F(t) = Fy : periodic attractor _>—> static attractor 
l,c 

F(t) = F, cosAt : periodic attractor => collapse 
0,c 


A superposition of both,the static and the periodic field is more 
complicated: 


F(t) = Fy coskt+F): competition of both processes. 
The results are shown in fig.5 . 


Figure 5 :Steady state 
amplitude Ve of MII as 


a function of the ex- 
ternal field strength. 
~- wae F(t) = F 


~.-.- F(t) = F cost 
oO 


F(t) = F_cosA t 
+°F, 

(E= entrainment, P= 

periodic state,S= sta- 


tic state,* = collapse) 


ENTERTAINMENT-QUASIPERIODICIT Y-CHAOS-COLLAPSE 403 


It should be emphasized that the application of a constant 
field leads to a drastic enlargement of the stability region, i.e. 
the limit cycle collapse is shifted te much larger field strengths 
Fy (see fig. 6 ). 


Figure 6 : Stability region,given by the external fields 
F and F, . Frequency ) is fixed, MII. 
EE: complete entrainment, E : free + forced 
Oscillations, U : unstable,sbifurcations, 


The shift of the collapse,caused by F_ and F respectively, is 
accompanied by a series of bifurcations within this region of re- 
gained stability. These series are shown in the following scheme as 
a function of F. and FY (A is fixed): 


P 1 —>P2 
P 1 —»P 2 
1—» 


1—>P 2->P 4 -»---P 2%--—_» Wy NP» 


1 —> P 2 -—»>P 4 ->----P 2°.--_p> NP I> 3 444 
“—>PDS2 -witNP2-—> 


Pl—>P2—ayP445 P8 —> P | —> 
1+ > 


PLS (XK) GP 2b CCX?) PP 2 SL 6 (hin ys 

NP 1,N P 2 = nonperiodic, irregular, chaotic motion; 

C = collapse ; ¥¥¥ onset of noise ; 

P DS 1 = period doubling sequence ( P1,P2,P4,P8,...P2",...); 

P DS 2 = period doubling sequence ( P6,P12,P24,P48,..P3°2",...). 
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The above given bifurcation scheme is only a small part 
of the whole route of an internal oscillation under the 
influence of an external drive. The complete route can briefly be 
described by the sequence: 


LC(w) ——> P/NP/QP ——> LC(\ ) ——» {scheme} ——»C 


free intermed. entrained  bifurc. collapse 
oscil. states oscil. routes 


For an increasing periodic field strength F ,at least six types of 
bifurcations occur from entrainment (E) to collapse (C): 


1 =£—_ no bifurc./no noise ————» 
. E—~> 1 PD -—- bifurc./no noise ——> 


. E——> 1 PD - bifurc./ noise —» chaos ——> 


Oanaanrna 


2 
3 
4. E—— > 4 PD - bifurc./no noise —> P 1 —_> 
5. E——®> SPD - bifurc./ noise —>» chaos ——> 
6 


. E—— > ecOPpD - bifurc./ noise —» chaos —> 
—»> PD - bifurc./ noise/periodic windows > C 


(PD = period doubling bifurcation ) 


An interesting feature is the occurrence of strongly periodic win- 
dows within the chaotic regions of type six of bifurcations.Further- 
more, one finds transitions with and without period doubling bifur- 
cations. In addition, some of the processes are dominated by an in- 
crease of the noise level and anirregular motion, whereas some others 
(F_ small and F_ large, respectively)run into their collapse without 
any noise or chaotic motion ( type 1,2,4 ). 


In figure 7 we have drawn the maximum amplitude of oscillations 
the limit cycle can have in its entrained state (i.e. Pl),where F 
is that critical field strength above which a bifurcation to P2 or 
to some other states occurs. Two regions with respect to F_ exist, 
where only Pl - states ( oscillations with the external fréquency ) 
are present. 


Three different processes compete ( or cooperate in some sense) 
before the collapse occurs: 


period doubling 
amplitude increase/decrease 
noise increase 


One of these processes domitates; in addition,the whole transitions 
can be suppressed by a large increase of beat modes (fig. 2 ). 
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Figure 7 : Maximum amplitude y_ as a function of the 
static field F,. For F_,the maximum field 
strength has béen taken that is possible to 
keep the P1 - state stable. The dotted line 
shows the same situation for the state P2 
(no P2 - and higher states exist in the re- 
gionsQ and|3). 


A more detailed view on the bifurcation route is given in a 
series of pictures for a constant static field F, and for a certain 
external frequency. The following four pictures belong to the type 6 
of the bifurcation routes. 


Fig. 8 shows the power spectra (Fourier transformed of the am- 
plitude of oscillations) for several periodic and nonperiodic states 
of oscillations, 


Fig. 9 is a representation of some of the corresponding stropo- 
scopic phase portraits, 


Fig. 10 is a drawing of the complete bifurcation diagram. Both, 
the strongly periodic and the irregular regions as a function of the 
external periodic field are exhibited. 


Finally, in fig. 11 a logarithmic plot of the external field F 
demonstrates the width of the periodic and nonperiodic regions and 
windows. 


A discussion of these results will be given in the next two 
chapters. Special emphasis is led onto both, a mathematical rela- 
tion and a biological interpretation of the different types of mo- 
tions. 
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Figure 8 : Power-spectra ( lg c[(w)| 2 -W) -diagrams) 
for \ and F, fixed ( MII ). F, increases 
from a) to t) and then from ay to d). The 
whole series shows the type 6 bifurcation 
route from entrainment (a) to collapse (d). 
The figs.a’,c’,f,a, and d’ are the correspon- 
ding oscillation diagrams. 

The whole series is : 
P2,P4,P8,P16,P32,NP1,P6,P12,P18,NP2. 
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Figure 9 :Stroposcopic phase portraits (x, 0 > x,- dia- 
grams,Tt = 21T/A )for some of the States of 
fig. 8. The last diagram of the series shows 
the development of the amplitudes for the 


Pi - P2 - P& bifurcation route. 


Figure 10:Bifurcation diagram (stroposcopic amplitude 
Vzex, as a function of F. ).F, and ) are 
fixed to the same values as in fig.8. 

F, : bifurcation to P2 state, 
Fy > bifurcation to P, state. 
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Figure 11 : Sequences of period doubling bifurcations, 
chaotic states and periodic windows for 


F $F <F - The second and the third 
o,E o* o,c 


line are extensions of the shaded region 
shown as a small part of the top line. 
The external parameters \ and Fy are fixed. 


IV SOME MATHEMATICAL ASPECTS 


Model MII exhibits a bifurcation behaviour that, at least in its 
essential points, is wellknown from a number of dissipative dynami- 
cal systems (nonlinear differential equations and nonlinear maps). 
Examples cover nearly all domains of physics and related fields.Non- 
linear optics, hydrodynamics, chemical kinetics and electrical cir- 
cuits are some important areas of both, theoretical investigations 
and experimental studies. Either, they include the variation of an 
internal parameter (system parameter) or periodic and static exter- 
nal drives (see 12 - 14 for further references). 


The essential points of model MII are as follows: 
1, the existence of accumulation points and the subsequent onset of 
chaotic regions, 


2. the occurrence of sequences of period doubling bifurcations, 


3. the nonexistence of aperiodic states and of noise within one pe- 
riod-doubling sequence, 


4. extremely sharp peaks, 
9. the existence of periodic windows within the chaotic regions, 


6. the onset of reverse bifurcations above and close to the points of 
accumulation (i.e. within irregular regions the lowest frequen- 
cies disappear subsequently). 


All these features are characteristic ones for a number of non- 
linear maps. Furthermore, MII seems to fullfill the scaling proper- 
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ties which have been found by Feigenbaum for a whole family of non- 
linear maps.Finally, it should be emphasized that a chaotic beha- 
viour is exhibited in completely deterministic systems (chaotic is 
taken as a synonym for irregular or nonperiodic or weakly turbulent 
motion). 


The question “why do numerous nonlinear systems run through 
such a complicated series of bifurcations"? requires an amount of 
further investigations. We have started work on the different ways 
a driven system can dissipate the energy it receives by an external 
drive.Furthermore, a detailed discussion of the dynamics of bifur- 
cations from a physical point of view is necessary. The results are 
in a very preliminary state and are omitted. 


V CONSEQUENCES , BIOLOGICAL RELEVANCE? 


We want to draw our attention to the consequences of our re- 
sults. In addition,a possible relevance of the different steps and 
phases on the way from the free internal oscillation to the collapse 
will be discussed. We start with a further interpretation of the 
bifurcation routes: 


Limit cycle : The system is in a self-organized state,i.e.a periodic 
pattern is developed and maintained by nonlinear pro- 
cesses and the influx and efflux of energy. A typical 
example are coherent excitations and oscillations and 
the related energy storage mechanism. 


Application of fields/irradiated systems 


Entrainment : The system is synchronized to the external drive. A 
number of specific effects occur, they offer a very 
first explanation of some specific effects found in 
biological irradiation experiments. We only mention 
the occurrence of sharp resonances, windows, time of 
irradiation and threshold effects, partial sensitivi- 
ty losses and sensitivity increases. All these effects 
are weak intensity effects (nonthermal effects) ;they 
are far from being explained. 


Bifurcations: The functional order of the model systems is reorga- 
- nized.The occurrence of strongly periodic states with 
submultiples of the external frequency enables the 
wy system to couple to other frequencies or to decouple 
partially from the driving field. 


Collapse : The onset of travelling waves causes the system to 
respond to extremely weak external signals,since most 
of the energy stems from the internal oscillation.A 
transmission of a variety of signals (messages) is 
encoded in the waveforms. 
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From our model calculations and some other work (e.g.15) we are 


able to derive some rules: 


- both, periodic and stochastic perturbations can drive a limit 


cycle oscillation into a chaotic state (if certain requirements 
with respect to the field strength and frequencies are fullfil- 
led) 


- chaotic states are very sensitive to periodic perturbations, a 


periodic oscillation is regained 


- chaotic states remain chaotic under stochastic influences (fluc- 


tuations, noise....). 


The completely different behaviour of periodic and chaotic 


states under periodic drives offers some additional possibilities 

a biological system can respond to radiation. From this point of 
view, both, regular and irregular motion of brain waves should be 

of a certain importance for the function of the brain and for its 
response to external fields.However, there is still a very large 

way to be gone from simple models to the complicated biological sys- 
tems. One possible route has been given by Fréhlich.It looks pro- 
mising. Others might also be of importance. 
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LeE. Reichl 


Center for Statistical Mechanics 
University of Texas at Austin 
Austin, TX 78712 


ABSTRACT 


Two models are discussed which show how dynamic external fields 
can induce internal chaos and enhance dissociation in nonlinear 
conservative systems. 


INTRODUCTION 


Until now there has been very little theoretical work which 
can clarify the process by which an external electromagnetic field 
interacts with the conservative nonlinear internal dynamics of mole- 
cules. The work that has been done can be used to describe this 
interaction only in the continuum limit of the molecule and does not 
shed much light on the mechanisms involved.{1) There has been a 
great deal of work on the external field--molecule interaction in 
which the internal dynamics of the molecule is approximated by a 
linear model. Linear models serve to locate some of the natural 
frequencies of the molecule, but they give a completely incorrect 
description of the internal dynamics of the molecule when a field is 
present, 


There is another closely related problem of importance in 
biology and that has to do with the effect of dynamic external fields 
on the diffusion of particles across potential barriers (pore 
penetration). This problem has been studied extensively, when no 
external field is present, uSing stochastic methods. (2) But little 
work has been done when dynamic external fields are present. 
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One of the main difficulties in modeling the effects of dynamic 
external fields on nonlinear systems is to find nonlinear systems 
which are completely solvable when the field is absent. Solutions 
to the unperturbed problem can then be used to study the perturbed 
problem. In this paper we will describe the results of work we 
have done in determining the effect of a dynamic, single frequency, 
external field on two simple conservative nonlinear systems--the 
two particle Toda lattice and a particle trapped in a double well 
(quartic) potential. We will find that any intuition we had 
developed based on linear model is completely wrong. As we shall 
show, a dynamic field profoundly distorts and disrupts the phase 
space of a nonlinear conservative lattice or barrier system and can 
induce large energy fluctuations and chaos in regions where we do 
not expect it. 


In Section II, we describe work done on the perturbed two 
particle Toda lattice by L.E. Reichl, R. de Fainchtein, T. Petrosky 
and W.M. Zheng (3-4) . In Section III, we describe work done on the 
perturbed double well system by L. E. Reichl and W. M. Zheng. (5) 

In Section IV, we give some concluding remarks 


II. TODA LATTICE 


The Toda lattice consists of a chain of masses coupled by forces 
which vary exponentially as the spacing between masses is changed. 
The Toda potential energy may be written 


A -B 
Viq) == e I 4 aq, AB>O, (II.1) 


where A and B are constants and q is the relative spacing of two 
masses. The Toda potential is compared to the harmonic potential 
and the Morse potential in Figure 1. It approximates fairly well 
the behavior of real molecules when their energy is not too high. 
The Toda lattice is the simplest of a class of non-linear lattices 
which are known to be integrable and which sustain soliton propaga- 
tion. For the case of the Toda lattice, the solitons consist of 
localized regions of compression on the lattice (localized concentra- 
tions of energy) which can travel long distances without being 
dispersed. This type of soliton has been observed in computer 
studies of long one-dimensional molecules.{©) The continuum limit 
of the Toda lattice is described by the Korteweg-de Vries equation-- 
the equation most commonly used to model soliton propagation in 
fluid systems. 


We are interested in the detailed mechanism by which a dynamical 
external field might disrupt this system. Perturbation methods do 
exist in the literature for studying the effects of external fields 
in the ccntinuum limit uSing inverse scattering theory. (1,7) We 
are currently involved in such studies. However, this approach 
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obscures the detailed mechanisms involved in the field-system inter- 
action. Therefore, we decided to study the effect of a dynamic 
external field on the discrete Toda lattice. 


The simplest case we can consider is the two-particle Toda 
lattice in the presence of a dynamic external field.(3,4) we can 
apply an external field in such a way that the center of mass is 
not displaced. Then the Hamiltonian for the perturbed two-particle 
lattice takes the form 


A - 
+= (e Bay PA _ 2) + €q cos (2) (II .2) 


where m is the mass of each particle on the lattice, p and qare the 
relative momentum and position, respectively, of the masses, ¢€ is 
the amplitude of the external field, and Q¢ =Wot + 6, where wy is 
the radial frequency of the external field and 6 is its initial 
phase. We may perform a canonical transformation to new variables 
(3,8) defined by 


sn (8, k) (II.3) 


- = 2k 
B \t-K? 


and 


q = 2 Qn dn(§,k) - k_cn (6,k) (II .4) 
\/2 -~ k2 


where sn, dn, and cn are Jacobi elliptic functions, k is the modulus, 


2 zx? - 4m, A/B 


9 ’ 
J 


(II.5) 


and My) = 4m/B*. Note that physical values of J must satisfy the 
condition 322 4m A/B. The canonical transformation (II.3) and 
(II.4) is independent of © and holds even when € = 0, 


We may write the Hamiltonian in terms of these new canonical 
variables 


2 


~_J_ _ 4A, 2€ dn(8,k) - ken(6,k) (II .6) 
H = m 3 tp «COS (82) Qn fe 
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or if we Fourier expand we obtain 


2 ©O 
-~2 _4A cf nwd _ Q 
H = - st g (9) cos (ee t) (II.7) 
0 nN=00 
(odd) 
where 
nB n1tK -] 
gf) = | ein h ( x } (II.8) 


and K=K (k”) and K' = K(1+k?) are complete elliptic integrals of the 
first kind. 


The Fourier expansion of q indicates that this system for ce= 0 
has natural frequencies _~ 


=-—  (n odd). (II.9) 


In the limit of very low energy the frequency W, approaches the 


harmonic limit 
4s 
yw = ve >| 48 (II.10) 
1 mK K>0 m | 


In Figure (2a), we give a plot of the (p,q) phase space trajectory 
of the unperturbed lattice (c€= 0) for J = 491 and constants A=0.15, 
B=3.1, and m= 11.68 x 10° in atomic units (we use these values of 

A, B, and m throughout this paper). This is a low energy, and the 
system is near the harmonic limit. In Figure (2b) we show the 
spectrum of this system. The spectrum clearly shows that the system 
is near the linear limit. The frequency n=l contains the most 
energy. Frequency n=3 is the only other one with significant energy. 
Because the system is nonlinear, the natural frequencies vary as the 
energy of the lattice varies. For this reason, unlimited energy 
absorption of the type seen in (unphysical) linear systems cannot 
occur. The system can resonate with an external field at all its 
natural frequencies, but once energy is absorbed the natural 
frequencies will change and the system will be driven off-resonance. 


1 


In Eq. (II.4) we see evidence of these nonlinear resonances. 
Let us focus on the resonance with frequency 0, and approximate the 
Hamiltonian by 
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Figure 1: Comparison of the Toda potential (solid line), the 
harmonic potential (dotted line) and Morse potential 
(dashed line). 
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Figure 2: (a) The (p,q) phase space trajectory and (b) the spectrum 
of the unperturbed Toda lattice for J = 491, A = 0.15, 
B = 3.1 and m = 11.68 x 109. 
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2 
J 4A n7@ 
+. a —_ ———ees 
H Mm 3 elg, | cos ( OK 2) + ee (II.11) 


This is basically the Hamiltonian of a pendulum and describes a 
localized disturbance in phase space which looks like the pendulum 
phase space. We can make a canonical transformation to a new set 

of coordinates (I,)) whose origin is located at J = J©° (the center 
of the resonance zone) and which lies in the rest frame of the 
resonance zone. The generating function for this transformation can 
be written 


J 
_ . 2K(J')do' (II.12) 
F = (P+wt) ty -_ 


The new coordinates are defined through the equations 


J ' ' 
I —s = f 2KW')dI" 4, 2K(T) (J-T ) +... (II.13) 
J ni nT — CC 
and 
(II.14) 
ga. SF (W+W t) 2K(S) 
oJ O nt 


where we have expanded (II.13) ina Taylor series about Jo: The 
value of J. is determined from the condition 


: 2K W 
@ = 2K (Sc) % . We (II.15) 
NT m ° 


2 , . ; . 
If k is not close to one and if we stay in the disturbed region, 
we can terminate this Taylor series after the first term. In terms 
of this new coordinate system, the Hamiltonian takes the form 


(II .16) 


A phase space plot of this system is given in Figure (3). This is 
the basic shape of a resonance in a nonlinear system. The system 

resonates, changes energy, is driven off resonance, returns to its 
Original state and begins the process again. Eq. (II.15) locates 

the positions of all the primary resonances. 


FIELD INDUCED RESONANCE AND CHAOS 419 


Figure 3: Sketch of the pendulum phase space. The solid line is 
the separatrix. Outside the separatrix we have rotation 
and inside oscillation. Dark circles are unstable 
(hyperbolic) fixed points. Crosses are stable fixed 
points. Dotted and solid lines correspond to possible 
trajectories of the pendulum 
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Figure 4: Plot of x vs £. for n= 1, 3, 5, 7 and 9 for the two 
particle Toda lattice with A= 0.15, B = 3.1, and 
m= 11.68 x 1095. 
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It is useful to note that the system described by the Hamilto- 
nian (II.7) is equivalent to a conservative two degree of freedom 
system with Hamiltonian 


2 0° i: : 

J 4A a 1 
H=-tl-Sigye2 g wy 6 .- 6! , 

(odd) i. -J 


Thus this new Hamiltonian, H, is a constant of the motion and is 
sometimes called the quasi-energy. The phase space of the pertur- 
bed system is four dimensional. 


Let us now return to Hamiltonian (II.7). We see that primary 
resonance zones will be located in the phase space at values of 
J© given by Eq. (I1I.15). A plot of the positions of the primary 
resonance zones as a function of frequency is given in Figure (4). 
No primary zones are expected below fp = 2 x 10-4. The primary 
zones emerge at J°=306 and move to higher energies as the frequencies 
of the applied field are increased. We can probe the flow of 
points in a given region of phase space. We will start at p = 600 
and q = O, or equivalently J = 491, @=K. When c= 0 the flow is 
given in Figure (2a). When €# 0 the system has a four-dimensional 
phase space but we can obtain strobe plots of p and gq. That is, we 
plot points p and q at time intervals t = 1/fg where fo = Wo/2T . 
As the frequency of the applied field increases, more and more 
resonance zones emerge in the phase space at J = 306 and then move 
to larger values of J as frequency increases. Thus, if we focus on 
point J=491, we will see resonance zones moving past from lower to 
higher values of J as frequency increases. In Figure (5), we show 
the approach and passage of the primary n = 3 resonance zone when 
€ = 1.3. This zone approaches from lower energy; we enter it at one 
of its hyperbolic fixed points. In Figure (5a), we are outside the 
resonance zone and the phase plot is distorted but qualitatively 
Similar to the unperturbed case, although there is oscillation in 
energy. We enter the separatrix in Figure (5c), and by Figure (5e) 
it has passed. 


In Figure (6) we show the approach and passage of the primary 
zone n = 5 when €= 1.3. This sequence differs from that above in 
that we enter at the widest part. In Figure (5b) we are on the 
separatrix. In Figures (5c) and (5d) we are on inner islands, and 
in Figure (5f) we have passed out of the resonance zone. A theory 
which predicts the width of both of these zones is given in Reference 
3. 


If we examine resonance zone n= 1, it is not so simply des- 
cribed in terms of a simple primary resonance. Indeed, a whole 
sequence of resonances occur as we try to enter zone n=l. The 
sequence is shown in Figure (7) where ¢ = 1.3. The separatrix of 
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Figure 5: The primary n = 
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3 resonance zone for €= 1.3. 
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Figure 6: The primary n = 5 resonance zone for €= 1.3. 
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Figure 7: Resonance sequence leading into and out of the primary 
n=l resonance zone for €= 1.3. 
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the n=l resonance curve appears in Figure (7.0) and is higly chaotic 
This chaos persists at lower amplitudes as well. Figure (8a) shows 
the separatrix of the n = 1 primary zone at ¢€=0.8, and in Figure 
(8b) we show its spectrum. We see that it too contains chaos and 
its spectrum has broadened. 


What we are seeing in Figures (7) and (8) is the effect of so- 
called secondary resonance zones. The resonance zones induced by the 
external field actually form a dense set in the phase space. The 
primary zones (those seen directly from Eq. II.7) are the dominant 
resonance zones and serve to delineate the basic structure of the 
perturbed phase space, but they also comprise only a small fraction 
of the resonance zones that are actually induced by the external 
field. Between any two primary zones we can find an infinite family 
of secondary zones. Between any two secondary zones of a given 
family we can find still another infinite sub-family of secondary 
zones, etc. The stochastic region surrounding the n = 1 primary 
resonances is evidence that the secondary zones in the neighborhood 
of the n=l primary resonance are overlapping and allow the system 
trajectory to wander somewhat chaotically through the phase space in 
that reqion. 


One way to see that a dense set of resonance zones does indeed 
exist in the phase space (see Reference 3 for another view) is to 
focus on the region between two primary zones, say ng and Notl in 
Hamiltonian (II.7). We then approximate the Hamiltonian by 


2 n 70 
J 4A 
H = n BD tEg_ (J) cos ( 2K(d) 2.) 
O re) 
(n 41) (II .18) 
+ ES) 41) cos (—o__18- 24) 
° 2K (3) 


If we introduce the canonical transformation to new coordinates 
(I,~) whose origin is located at J&. and lies in the rest frame of 
the ng resonance zone, then the Hamiltonian takes the form 


2 ela, cos y-eldn sal cos (eC = Av) ras) 
4m_K (J) o ° 


where Av = - Wo/Notl is the speed of zone (ng+l1) in(T,) space and 
K=Nnyjtl/ng. By still another canonical transformation, namely, 
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Figure 8: (a) Primary n = 1 resonance zone for €= 0.8. (b) Spectrum 
of primary n = 1 resonance zone for €=0.8. 
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v, v, 
I=1, dn (>) and WY = 2 am ( 7) (II. 20) 


(am is the Jacobi amplitude function), we may write the Hamiltonian 
(II.19) in the form (5) 


2 
I, oo ™, 
H = st »} Vo (I,) cos (K+) OK.) 7 KAvt 
1 &=-0 “oO 1 
(II.21) 
with 
2K my, 
1 . _ —_enne 
Vp (I,) =i f ay, cos} K W(I, vy) : (K+2 °) 2K 
O -2K (II.22) 


Thus for the region between primary resonance zones Ng and Ny + 1 we 
again have an infinite number of resonance zones. 


The effect of the various resonance zones on the physical 
behavior of the system is largely determined by the weight Sno (J) 
associated with the primary resonance zones in addition to the shape 
of the spectrum of the unperturbed system. In the two-particle Toda 
system, the dominant disturbances are due to the n = 1 primary 
resonance zone and the secondary zones in its neighborhood. This is 
clearly seen in Figure (9) where we give a phase diagram of observed 
regions of chaos as a function of amplitude and frequency of the 
applied field. We see that for the two-particle Toda lattice the 
greatest disturbance occurs when the external field has a frequency 
Slightly lower than or equal to the lowest natural frequency of the 
system. The induced chaos at frequencies below the lowest natural 
frequency of the system is unexpected. 


The unperturbed two-particle Toda system is completely stable. 
If we wish to model the effect of external fields on pore penetration 
(diffusion over barriers) or dissociation, the simplest system to 
look at is that of a particle in a quartic potential. 
ITI. THE QUARTIC POTENTIAL ‘>? 

Let us now consider the motion of a particle in a quartic 
potential and in the presence of sinusoidally varying external field. 
The Hamiltonian for this system can be written. 
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Figure 9: 


Tr HEHE 
shEPibiiiGi:Gibbbpiid: 


0 2 4 6 8 0 (2 14 16 18 20 f)xI0** 


Phase diagram of regions of field induced chaos (as a 
function of amplitude € and frequency fg of the applied 
field). Crosses show obvious chaos. Triangles show 
regions of marginal chaos. Stars show regions for which 
chaos lies between marginal and obvious. Dots show 
regions with no observable chaos. No strobe plots were 
obtained for unmarked regions. | 


Figure 10: Sketch of the quartic potential. 
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2 | 
H -P, A- 2B x + x" - €x cOs w t (III.1) 
2m e) 


where € is the amplitude of the external force and w. is its radial 
frequency. The quartic potential is plotted in Figure (10). We can 
introduce a canonical transformation to new variables (J,9) which 
enables us to write this Hamiltonian in the form 


2 2 G 
H = A-B +J - @BtJ' cos (wt) dn (——— k) (III .2) 
vm3 k* 


where the modulus, k, is defined 


€ 


Fquation (III.2) holds for all values of the modulus in the range 
O<k<2. When c€=0, a particle trapped in one of the wells will 
have energy F<A and 0<J<B, while a particle free to move between 
wells will have E>A and J>B. . 


The perturbation term in Eq. (III.2) may be expanded ina 
Fourier series. For J<B we have 


[oe] 


2 2 9 
H=A-B +30 - € 2 g fF) cos} at - Ww t (III.4) 


n=-© ving k K(k) 


where 


g (J) = ——2— sech Jol 2 kU) (III.5) 
n J2V(2-k2)K 


and for J>B we have 
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2 2 oo +1/2)8 
H=A-B -J <—€ » h (J) cos sna) WO t (III .6) 
_ n Jay i 0 
where 
mV25 (in| + 1/2) 7K' (1/k) 
h (9) = sech K dy (III.7) 
2kK (—) k 


The locations of the primary resonance zones are determined by the 
condition 


wan vd 0 
= III.8 
2m 6k K(k ) ( ) 
c c 
for J < B and 
W vm VJ 
- —£ (III.9) 


for J>B. A sketch of the location of the primary resonance zones 

aS a function of frequency is given in Figure (ll). We see that 

as f£f.-0 all primary resonance zones exist and are grouped in the 
neighborhood of J~B. In the energy region E*A, there will be a 
stochastic layer enabling trapped particles with energies near 

E=A to diffuse across the barrier. As frequency f. increases, the 
primary zone n = 1 (J<B) starts to drop away and move to lower 
energy in the phase space. At the harmonic limit of this system, 

it disappears. Thus, in this system we have the surprising result 
that as energy of a trapped particle increases the particle resonates 
with the external field at. lower frequencies than the harmonic limit. 
a renormalization group analysis which quantifies these results has 
been performed by L.E. Reichl and W.M. Zheng. (>) 
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Figure ll: Sketch of x” vs EO for n= 1,3,5,7, for the quartic 
potential. 


IV. CONCLUSIONS 


From the simple model systems we have described in previous 
sections, we find that dynamic external fields can profoundly distort 
the phase space of a nonlinear conservative system. A single fre- 
quency field induces a dense set of resonance zones throughout the 
phase space of the system. In practical terms this appears to have 
two important effects on the microscopic level. Low frequency fields 
(frequencies far below the natural frequencies of the unperturbed 
system) can lead to enhanced dissociation rates and increased rates 
of diffusion across barriers. External fields with frequencies in 
the neighborhood of the natural frequencies can in addition induce 
chaos and large energy fluctuations in the phase space of a nonlinear 
System even near the harmonic limit. This field induced chaos has 
the potential of disrupting cOherent energy propagation (solitons) 
on a lattice. Perhaps the most important conceptual lesson we can 
learn from these models is that a nonlinear dynamical system, when 
perturbed by a dynamic external field, is transformed into a new 
system whose behavior is completely different from either of its 
components parts. 
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SOLITARY WAVES AS FIXED POINTS OF INFINITE DIMENSIONAL MAPS 
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INTRODUCTION 


Coherent structures which are localized in space arise and 
play important roles in turbulent fields. Examples include 
tornados, large vortices in a turbulent wake, and isolated 
vortices in the ocean. These coherent effects are cetainly 
observed in nature. They can be simulated in numerical 
experiments and to a lesser extent in laboratory experiments. 
To understand such coherent phenomena analytically one must use 
nonlinear techniques from modern mathematics, and indeed one 
must extend and improve these techniques considerably. 


The coexistence of coherence and chaos is a current topic 
in applied mathematics. Perhaps the simplist and most 
analytically tractable examples are solitary profiles in chaotic 
waves. In this lecture we will describe one example from laser 
optics which illustrates the very robust stability of solitary 
waves even as they become chaotic. Mathematically this example 
involves a nonlinear Schrédinger equation which is a canonical 
equation* which arises in many other contexts. For example, a 
form of this equation is used as a model to describe energy 
transport along alpha helical proteins**~ an application which 
is of direct interest to several participants of this meeting. 
This lecture summarizes work described in’. 


DESCRIPTION OF THE PROBLEM 


Consider an optical ring cavity as is depicted in Figure 
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la. An input laser signal enters a nonlinear medium at location 
H, travels down the medium to location I where it exits, and is 
reflected by four mirrors back to location H where it re-enters 
the nonlinear medium so as to reinforce the original input 
signal. The signal continues to circulate around the cavity; 
our goal is to predict the output after many passes through the 
cavity. 


Mathematically the classical electromagnetic field is 
described by Maxwell's equations while the polarization of the 
medium is described quantum mechanically by a form of 
the Schrodinger equation known as the Bloch equations. Since 
the electromagnetic field is a rapidly oscillating plane wave 
with a slowly varying envelope G, 


E(x,z,t) = 2 Re[G(x,z,t)et kK? wt), (1) 


the coupled system which describes the interaction of the 
electromagnetic field with the medium may be approximated by a 
single nonlinear partial differential equation for the envelope 
G. In scaled variables this equation takes the form 

2 


nesters gS 0, 
3x 1+2| G| 


Equation (2) describes the propagation of the electric 
field through the nonlinear medium. It must be supplemented by 
a boundary condition which initializes the field at entry point 
H. This boundary condition will depend upon the input laser 
signal and upon the field G that has just emerged from the 
medium at the preceding pass. This emerging field is then 
modified from its value at exit point I by losses at the mirrors 
and by the optical path length of the return trip from I to 
entry point H. Using the fact that signals propagate (in z) at 
speed c, the field on the nth pass through the medium satisfies 

r) 3? ch 
2i G + G - = 
ot on ox? 1+2|6 | ° (3 a,b) 
G (x,0) = a(x) + Red “G _.(x,P) 
n > n-l > > 


n21,G =0, Here we have transformed to a moving frame (z- 
ct, r=ct), a(x) denotes the envelope of the input laser signal, 
P measures the length of the nonlinear medium, L measures the 
optical path length of the return trip from I to H, and R= .9 
denotes losses at the mirrors. 


Equation (3) defines the mathematical problem. At this 
point it is worthwhile to pause and make several remarks: (i) 
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Figure 1. (a) Unidirectional passive ring cavity containing a 
nonlinear medium. (b) Plane wave bistable loop. (c) Initiation 

of the sharp gradients on the outer edges of the transverse laser 
beam. (d) Steady state 7-solitary wavetrain at a(0) = .194. 


Problem (3) defines an infinite dimensional map from the field 
at the end of the (n-1)8 pass to the field at the end of the 
n-' pass, 


G ny O%oP) * © Cx,P). (4) 


(ii) This map is infinite dimensional because of its transverse 
x dependence. In order to find G, in terms of G -]» one must 
solve the partial differential equation (3a). (fit) In order to 
study analytically the behavior of G. for large n, we must learn 
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to reduce the dimension of map (4) in a manner which is natural 
to problem (3). Solitary wave solutions of equation (3a) will 
turn out to be the natural objects with which to carry out this 
reduction of dimension. 


PLANE WAVE CASE 


Another way to reduce the dimension of map (4) is to assume 
that the input laser beam has a transverse profile a(x) which is 
constant, independent of x. This situation is known as the 
“plane wave" case. Although it is not a particularly natural | 
reduction, it is a necessary prerequiste for that which follows. 


If the input "a" is independent of x, so is the output 
G,- In this case equation (3a) reduces to an ordinary 
differential equation which can be solved in closed form, and 
map (4) can be written explicitly: 


P 
—_————7-) 
2(1+2|g |) ) 
This is a one dimensional complex (or a two dimensional real) 
map. It has stable fixed points which represent a balance 
between the energy injected by the input signal "a" and the 
energy lost at the mirrors. Multiple fixed points can arise 
which are the result of a resonance which allows the returned 
beam to interfere constructively with the input signal. For a 
range of a and P, map (5) possesses exactly three fixed points 
(Figure 1.b), and it exhibits a bistable behavior. Since the 
lower and upper branch are stable, one has the possibility of 
an optical switch. (Optical scientists’? are interested in such 
devices because these switches are potentially much faster than 
conventional ones. ) 


=a +R exp(i(kL - J} g. (5) 


Ent n 


Map (5) possesses a wide variety of behavior which is much 
richer than stable and unstable fixed points. For example, 
period doubling sequences” leading to chaotic behavior have been 
observed’. At present the universal properties of map (5) have 
not been analytically described. 


To close this discussion of the plane wave map (5), we 
return to Figure 1.b. As the input amplitude "a" is increased 
past a), the output field jumps to the upper branch at U. Now 
consider an input field whose transverse profile depends upon x, 
a = a(x). If this dependence is gradual (as, for example, a 
broad Gaussian profile), the Laplacian I in (3a) is initially 
negligible. At each x the beam behaves as if it were a uniform 
plane wave at input amplitude a(x). Thus, the center of the 
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transverse profile (for which a(x) > aj) will switch up to the 
upper branch, while the edges (for which a(x) < a,) will stay on 
the lower branch. Therefore, at x, where a(x,) =a, the 
gradient of the response field is very large (see Figure Ic). 
Near these locations the Laplacian 0 x cannot he neglected and 
the plane wave theory becomes inapplicable. 


What actually happens? Numerical experiments show that 
during the first twenty or so passes (0 <n << 20), the 
Gaussian profile switches to the square profile of Figure l.c as 
predicted by the plane wave theory. Then at the edges Ky and x_ 
narrow pulses are generated which eventually fill out the area 
between x_ and x, and become the steady state response of the 
system, Figure Il.d. The number of pulses in the steady state 
response depends upon parameter values. We have observed 
between 1 and 7. 


SOLITARY WAVE REDUCTION 


We emphasize that these pulses or rings in the transverse 
profile are fixed points of the infinite dimensional map (4). 
This pulse structure is very stable. Consider the output of the 
nt pass at exit position I. Its transverse profile is a 
collection of pulses. This shape is damaged as it returns from 
I to H where it will re-enter the nonlinear medium. This damage 
consists of (i) decreasing its amplituide by the factor R due to 
losses at the mirrors, (ii) shifting its phase by the optical 
path length, and (iii) adding the small input field a(x). 
Although this distorted field enters the nonlinear medium at the 
start of the (nt+1)S¢ pass, by the time that it emerges from the 
nonlinear medium at I, it is exactly the same as it was at the 
end of the n pass, 7 


We will argue that the shapes of the pulses in the 
transverse profile are fixed by equation (3a). These shapes are 
solitary wave solutions of equation (3a). However, since 
equation (3a) is conservative, it cannot select the amplitudes 
of these rings. The amplitude of that ring which describes a 
Fixed point of (4) will be selected by the map nature of 
boundary condition (3b). 


Consider a nonlinear Schrodinger equation of the form 


5 32 


2% <6 +5 564 N(\G|)c = 0. (6) 
d 
Equation (3a) is of this form with the nonlinearity n(| 6] 2) = 
(1+2|G| 2 y7l A solitary wave is a one parameter family of 


solutions of (6) in the form 
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A2 
; ~-] 
G(x,t3A,¥) = SC x;A)exp[i (—— ty )), (7) 
where S(63;A) is a solution of 
2 
+ 
gir — go NCS tH Lg (8) 
2 
which vanishes (exponentally) as 0+ +, The simplest example 
is that of a cubic nonlinearity N(S2) = -1 + S“, in which case 
S(93;A) =A sech 6 (cubic nonlinearity). (9) 


From this we see that the parameter ’ measures the amplitude of 
the solitary wave. For our nonlinearity N(S*) = - (1+ 28°)” 
no analytical formula such as (9) exists; however, S(@;)) 

still has a shape which is qualitatively similar to a sech and 
with the parameter \} fixing its amplitude. This, we see that 
the solitary wave (7) is a wave form which is localized in x and 
which depends upon two parameters A andy. A _ fixes the 
amplitude (and width) of the pulse; y fixes its phase. 


If we assume that the output of the nth pass through the 
medium is a solitary wave with parameters ()_, Yi» then the 
input for the (n+1)8* pass is given by (3b),, 9 

ify ,t+kL + z QDI] 
C41 6% ® = a(x) + RSQ._x3 de , (10) 


which may be rewritten as p , 
: 4 _ 
ily, kL + + Qo 1)] ~ 


G41 6% 9 = SQA x5A de + G46) (10') 
where P92 

~ ify +kL + = “-1)] 

G4 (x) = (RISA xr Je 9 en talx) CD 
Since both (R-1) and a(x) are small, G is small. Thus, 


initial data (10') for the (n+1)8© pass ig a small perturbation, 
of a solitary wave with parameters (A = wey = 7, + kL +> Q.-1). 


Using a projection method from solitary wave perturbation 
theory, one can predict to first order the parameters 
Qa Yat) of the solitary wave which emerges at the end of 


the (n+1)§* pass; that is, one can compute a map 


QA sy y+ O ). (12) 
n n 


ntl? ‘n+l 
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Figure 2. (a) Comparison of the single solitary wave shape 
(N=1) at a(0) = .1 predicted from the fixed point equation (12) 
(dashed line) with the numerical solution of equation (3) (over 
200 cavity passes) (solid line). (b) The central peak of the 
7-solitary wavetrain (see Figure 1d) is compared to the shape 
predicted by the fixed point equation (a(0) = .194). The 
discrepancy in fit (~ 5%) is consistent with perturbative 
estimates of changes in shape due interactions with nearby 
solitary waves. 


The actual formulas for this map are somewhat complicated 
and will not be reproduced here. Rather we restrict ourselves 
to a several comments about its properties: (i) Map (12) is a 
two dimensional real map. Using solitary waves which are the 
natural nonlinear modes of equation (3a) we have reduced the 
infinite dimensional map (4) to a two dimensional one. (ii) 
Although it is more complicated, the algebraic structure of map 
(12) is very similar to that of the plane wave map (5) which is 
also a two dimensional real map. (iii) Map (4) has a fixed 
point Ooty) which we found numerically. This fixed point 
predicts the amplitude of the central ring which emerges after 
many passes through the nonlinear medium. In Figure 2 we 
compare this prediction of map (12) with the numerical solution 
of (3). The prediction is extremely accurate! 


Finally, we describe recent results not contained inref. 4. 
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Recall that the plane wave map (5) displayed a period doubling 
route to deterministic chaos. Because map (12) is similar in 
structure to map (5), we sought period doubling this ringed 
case numerically. We concentrated on a parameter range for 
which the fixed point of the infinite dimensional map (4) is a 
single solitary wave. We found that as the input amplitude 
parameter a(0) is increased, the single solitary wave fixed 
point becomes unstable and a period 2 (in n) state describes the 
large n asymptotic behavior. The transverse profile of this 
period 2 state remains a single solitary wave. As the parameter 
a(0) continuous to increase, we observe numerically an "almost" 
period 4 state and chaotic states, The transverse profiles 
remain predominately solitary waves although they do possess a 
little additional structure. 


CONCLUSION 


For the purposes of this conference, it is important to 
emphasize the remarkable stability of the solitary wave as is 
illustrated in this example from laser physics. Even in the 
presence of deterministic chaos, the profile remains a coherent, 
localized solitary wave. This coherent nonlinear pulse 
cominates the qualitative behavior of the large n output. 
Judicious use of solitary waves permits a theoretical 
description of features which linear methods would not capture. 
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NONLINEAR PHENOMENA IN A DISPERSIVE SYSTEM 


WITH APPLICATIONS TO WATER WAVES 


Henry C. Yuen 


Fluid Mechanics Department 
TRW Space and Technology Group 
Redondo Beach, California 90278 


ABSTRACT 


Significant progress in the understanding of nonlinear 
dynamics has been made in the past decade. New concepts, such as 
solitons, recurrence, chaotic motion and bifurcation have been 
discovered and related to important physical phenomena. The study 
of nonlinear deep-water waves has been both the cause and conse- 
quence of many of these novel concepts. 


A survey of the recent developments in water waves is pre- 
sented. This includes the nonlinear Schrodinger equation, the 
theoretical and experimental studies of envelope solitons and 
recurrence phenomena, stability analysis in two and three dimen- 
sions, discovery of new three-dimensional steady wave patterns 
and chaotic behavior in the long time evolution of a nonlinear 
wavetrain. Much of the mathematics and many of the techniques 
are related and applicable to other branches of science, including 
biological systems. 
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INTRODUCTION 


One of the most vivid examples of a nonlinear dispersive wave 
system is deep water waves. New concepts, such as solitons, 
recurrence and chaotic behavior are all present in the description 
of wave packets and wavetrains on deep water. Compared with many 
other physical, chemical or biological systems, water waves possess 
the unique advantage of being familiar and easily measurable. In 
this paper, we present highlights of some recent progress in the 
study of water waves as illustrations of the type of behavior 
encountered in a nonlinear dispersive wave system. 


THE GOVERNING EQUATIONS 


The equations governing irrotational flow of an incompressible 
inviscid fluid with a free surface are: 


Ad = 0 —0o < z < n(x,y,t) (1) 
4 s(Vo)* + gz = p 

z= N(x,y,t) (2) 
an wun - 20 = 
ae + VodeVn ye 0 
o> + ~00 
<7 0 Zz (3) 


where @ is the velocity potential, n is the free surface, g is the 
gravitational acceleration, p is an external surface pressure, the 
horizontal coordinates are (x,y) and the vertical coordinate is z, 
pointing upwards; A = 9°/dx* + 9°/dy? + 97/32? is the Laplacian 
operator, and V = (9/dx,d/dy) is the horizontal gradient operator. 
The density is normalized to unity with no loss of generality. For 
a wave to be considered a deep-water wave, the ratio of its wave- 
length A to the water depth must be small. For surface tension to 
be negligible (i.e., for a wave to be considered a gravity wave), 
the wavelength must be substantially longer than 1.7 cm, at which 
point surface tension and gravitational effects are equal. Strictl 
speaking, water is not inviscid. However, viscosity is most effec- 
tive only for small-scale motions and is negligible for most of the 
gravity-wave phenomena considered here. Therefore, potential flow 
provides a good approximation. 


The fundamental solutions for the linearized problem are 
obtained by linearizing the boundary conditions at the undisturbed 
surface z = QO, 
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>= BS sin(kex - weyel E12, (5) 


where x = (x,y) is the horizontal spatial vector, k = (k.,k.) is the 
wave vector, and » the wave frequency in radians. The linear disper- 
Sion relation, which relates the frequency to the wave vector, is 
given as 


wW = Velkl. | (6) 


This defines the phase velocity, which gives the speed of advance of 
the individual crests, as 


C= 


W 
se kathy (7) 


Ww 
Kk 
and the group velocity, which describes the speed and direction of 
energy propagation, as 


_ ow {dw dw 
Ck Gi > Ok ) (8) 
6 lek ok, 


The fact that C is a nontrivial function of k reflects the dispersive 
nature of the system. 


Henceforth, unless stated otherwise, we shall be discussing one- 
dimensional waves that are independent of y. For simplicity of nota- 
tion, we shall denote ke by k in these one-dimensional problems. 


CONCEPT OF A WAVETRAIN 


A wavetrain can be characterized by three parameters: its 
amplitude a, wavenumber k, and frequency w. Generally, its evolu- 
tion is described by equations for the conservation of wavenumber, 
the conservation of wave action, and the dispersion relation. For 
weakly nonlinear waves, they are respectively 


Ook OW | A 

a t OK = 0 (9) 
dat 5 8 (dw 2) _ 

tox (2 7) = 0 (10) 


w = Vek (1 +  k2a?), (11) 
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Wave amplitude measurements showing the onset of the 
Benjamin-Feir modulational instability on an initially 
uniform wavetrain. The distance x is measured from the 
wave paddle. The gauges do not have the same calibration 
and hence relative differences in magnitudes for measure- 
ments at different x locations do not infer changes in 
wave amplitudes. (TRW Fluid Mechanics experiment.) 
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ately by the 1.6 Hz packet; the faster (due to lower fre- 
quency) packet overtakes and interacts with the slower 


packet, but they both emerge without permanent change of 
form. 
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These are the leading-order equations derivable from the averaged 
variational principle of Whitham (1965, 1967, 1970) and are some- 
times known as Whitham's conservation equations. Equivalent 


systems can be derived by a variety of methods, including the multi- 
ple-scales method (Chu & Mei 1971). 


Note that the dispersion relation contains a nonlinear correc-— 
tion that was first obtained by Stokes (1849). The absolute magni- 
tude of the correction is small, and does not exceed 11% even for 
the steepest possible waves. Nevertheless, its existence couples 
the three equations nonlinearly, and leads to some remarkable 
phenomena during the evolution of the weakly nonlinear wavetrain. 


MODULATIONAL INSTABILITY 


Equations (9)-(11) were used by Lighthill (1965) to study the 
evolution of weakly nonlinear waves on deep water. Two sets of 
initial conditions were examined: a wave packet with a Gaussian 
envelope and a slightly modulated Stokes wavetrain. In the case 
of the wave packet, the envelope developed a cusp at its peak within 
a finite time. For the wavetrain, the modulation grew and again the 
envelope developed into a cusped shape. Smooth solutions ceased to 
exist beyond this stage of evolution, and the time taken to reach 
the singularities was found to be inversely proportional to the 
steepness of the waves. 


These results were the first indications of modulational insta- 
bilities for weakly nonlinear waves on deep water. A detailed per- 
turbation analysis of the uniform wavetrain performed on the Euler 
equations (1)-(3) was presented by Benjamin & Feir (1967) that con- 
firmed the instability and extended the results to a wider range of 
perturbation wavelengths. It was found that a uniform wavetrain 
with amplitude aj, wavenumber k,, and frequency wW, is unstable to 
perturbations with wavenumber K in the range 


O0<K< 2¥2 kta. (12) 
oO O 


The maximum instability occurs when K = K ax? where 
m 


K = 2k*a , (13) 
max Oo O 


and the maximum growth rate (Imi?) ax is 


- Lb 2,2 
(Im?) ax 5 Ww kas: (14) 
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Benjamin & Feir (1967) also reported experimental data in fairly 
good agreement with the predictions regarding the wavenumber and 
growth rate of the instability. An example of such a modulation 
growing on an initially uniform wavetrain is shown in Figure l. 


THE NONLINEAR SCHRODINGER EQUATION 


Identification of the instability led to the question of the 
subsequent evolution of the unstable nonlinear wavetrain, since 
the results of Benjamin & Feir were confined to the initial growth 
period. Hasimoto & Ono (1972) used the derivative-expansion method 
to show that the evolution of a nonlinear deep-water wavetrain obeys 
the nonlinear Schrodinger equation, and they recovered the results 
of Benjamin & Feir by a stability analysis of its uniform solution. 
Yuen & Lake (1975) confirmed that Whitham's equations, when the 
dispersion relation is included, lead to the same nonlinear 
Schrodinger equation for the complex wavetrain envelope A(x,t) 
= a(x,t)elO(x,t). 


UW) QW 2 
1 (B+ ge 8) 2 A uae yalta = 0 (15) 


where 36/dt = Wo 


-w, o6/ox =k - kj» and the free surface of water 
is n(x,t) = Re{A exp i(kox - w 


\ 


ot) i. 


ENVELOPE SOLITONS 


One of the most important characteristics of the nonlinear 
Schrodinger equation is that it can be solved exactly for initial 
conditions that decay sufficiently rapidly as |x | 20, This was done 
by Zakharov & Shabat (1971) using what was then the newly discovered 
inverse scattering method (Gardner et al 1967). They showed that 
any initial wave packet eventually evolves into a number of “envelope 
solitons" and a dispersive "tail". The bulk of the energy is con- 
tained in the solitons, which propagate with permanent form once 
produced. Solitons also survive interactions with other solitons 
or wave packets. Since the nonlinear Schrodinger equation describes 
the envelope of deep-water waves with a carrier frequency, the 
theory predicts the existence of packets of deep-water waves with 
soliton properties. 


The theoretical predictions of soliton properties were con- 
firmed by experiments (an example is shown in Figure 2), and numer- 
ical solutions of the nonlinear Schrodinger equation were found to 
compare well with experimentally measured wave-envelope profiles 
(Yuen & Lake 1975). In the case of wave packets and solitons, the 
description of nonlinear deep-water wave dynamics provided by the 
nonlinear Schrodinger equation was found to be both qualitatively 
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and quantitatively correct. Although the practical significance 

of these envelope solitons remains to be determined because of their 
unidirectional nature, their mathematical and physical existence 
increased confidence in the nonlinear Schrodinger equation descrip- 
tion and provided a dramatic demonstration of the potential signi- 
ficance of nonlinear effects on the dynamics of deep-water gravity 
waves. 


LONG-TIME EVOLUTION OF AN UNSTABLE WAVETRAIN 


Experiments in the laboratory by Lake et al (1977) indicated 
that the unstable modulations grew to a maximum and then subsided 
(Figure 3). Furthermore, at some stage of the evolution the wave- 
train actually became nearly uniform again. Numerical computations 
using the nonlinear Schrodinger equation, which proved to be satis- 
factory for describing the long-time evolution of the wave packets, 
confirmed this interesting phenomenon: In the absence of viscous 
dissipation there are no steady end-states, but a series of modula- 
tion and demodulation cycles, known as the Fermi-Pasta-Ulam recur- 
rence phenomenon (Fermi, Pasta & Ulam 1955; aee also Scott, Chu & 
McLaughlin 1973). 


A positive link between the character of the long-time evolu- 
tion and the initial conditions was reported by Yuen & Ferguson 
(1978a). They showed by numerical experiment that the long-time 
evolution of an unstable wavetrain is dominated by the unstable 
modes contained in the initial condition. The stable modes do 
receive some energy, but they never appear as the dominant mode at 
any stage of evolution. 


To illustrate this relationship, we present several cases in 
which different numbers of harmonics fall within the unstable 
regime. We use the notation that case n corresponds to a case in 
which n modes, including the fundamental, are unstable and thus 
expected to actively participate in the evolutionary process. The 
values of K for each case (1 <n < 5) are given in Figure 4(a) and 
the results of the computation are shown in Figure 4(b) as plots 
of the envelope versus space and time. Note that the number of 
modulational peaks present in the evolution of a case corresponds 
to the number of unstable modes n. 


CHAOS AND ORDER IN LONG TIME EVOLUTION 


In the case where the initial condition contains no unstable 
modes, the wavetrain is stable, and the envelope remains as a con- 
stant. In the case where the initial condition contains one unstable 
mode, a recurrence sequence is set up. The regularity of the recur- 
ring sequence depends on the detail of the initial conditions and 
the number of stable modes involved, but the dependence is not 
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sensitive. In the case where the initial condition contains more 
than one unstable mode, the evolution process is highly irregular, 
and the evolution history is extremely sensitive not only to the 
number of unstable modes involved (which is expected), but also to 
the number of stable modes included. The latter dependence on 
stable modes is somewhat surprising because these stable modes con- 
tain insignificant energy throughout the evolution, yet their mere 
presence appears to strongly affect the qualitative structure of 
the evolutionary process. The system can be considered "chaotic", 
not in the popular sense of sensitive dependence on initial condi- 
tion, but in the sense that the evolution is sensitive to "small 
perturbations" in the form of stable modes receiving only minimal 
energy throughout. The nature of the evolution of an inviscid 
wavetrain is still under investigation. 


The manner in which the evolution depends on the number of 
stable modes is also surprising. It was found that the increase 
in the number of stable modes, even though each pair brings with 
it new and higher frequencies, appears to reduce the degree of 
irregularity of the time evolution. In Figure 5, we show the 
plots of the real and imaginary parts of the dominant modes (left 
hand traces) and the absolute values of the dominant versus the most 
unstable modes (right hand traces) of three cases. The first is a 
two-unstable-mode chaotic case, where the dominant wave is perturbed 
by noise level disturbances of 10 other modes, only 2 pairs of which 
are unstable, all of magnitude 10-6 compared with the dominant. The 
second is the same case, except that a total of 30 perturbation 
modes are included (again only 2 pairs of which are unstable). The 
evolution is far less irregular, and in fact, resembles the third 
case, in which only one pair of unstable modes is present, and is 
therefore recurring rather than disorderly. These results are 
interesting and are still presently under investigation. 


With the introduction of viscosity, it has been found that the 
sensitivity to the inclusion of stable modes is reduced. One expla- 
nation is that viscosity effectively removes the influence of these 
stable modes on the evolutionary process. 


WAVETRAIN IN TWO SPACE DIMENSIONS 


Thus far we have confined our discussion to one-dimensional 
problems. The equation for the complex envelope of a wavetrain 
propagating in two space dimensions is 


UW) WW) > W 2 
JA o OA OA o OCA 2 2, 
shy =o SA) _o PA, 2 SA wy kala = 0 (16) 


2k, Xf ge? ay? Gk? dy? 
O O 


Figure 4. 


BENJAMIN -FEIR (1967) 


a b 


Relationship between initial condition and long-time evolution of the nonlinear 
Schrodinger equation. Figure 4a shows the location of the perturbation wavenumber 

K in the initial conditions for cases 1 through 4 as marked by A. Figure 4b shows 
the evolution for each of the cases. Note that the number of modulational peaks 
appearing for a given case is equal to the total number of unstable harmonics present 
in the initial perturbation as given by the case numbers. 
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ss # 


RECURRING (unstable modes: 1; total modes: 9) 


Figure 5. Order and disorder in the time evolution of a case with 
one and two unstable modes. Left-hand traces are plots 
of real versus imaginary parts of the dominant modes, 
right-hand traces are plots of the absolute values of 
the dominant mode against that of the most unstable 
mode. Top: case with two unstable modes and 11 total 
modes; Middle: case with the same two unstable modes 
but with 31 total modes; Bottom: case with only one 
unstable mode. The bottom case (one unstable mode) 
corresponds to recurrence and is orderly. However, 
it is apparent that the increase in the total number 
of modes appears to reduce the level of disorder. 
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where the free surface of water is 


| i(k x-w t) 
n(x,y,t) = Re ) AGy ste . (17) 
\ 
When there is no y-dependence in the wave envelope, the equation 
reduces to the nonlinear Schrodinger equation (15). Note that the 
second-y-derivative term and the second-x-derivative term are of 
opposite sign, leading to a basically hyperbolic, rather than an 
elliptic, equation. Also note that the carrier wave still propa- 
gates in the x-direction, but now its envelope entertains two- 
dimensional variations. 


In the following we briefly review the concepts of envelope 
solitons, modulational instability, and recurrence in the two- 
dimensional context. 


Envelope Solitons Plane envelope solitons exist for Equation (16) 
provided that the angle between the directions of propagation of 
the carrier wave and of the envelope profile is less than 35.26°. 
An illustration of an oblique plane soliton is given in Figure 6. 
These two-dimensional plane solitons are infinite in extent. In 
addition, they are unstable to two-dimensional disturbances 
(Zakharov & Rubenchik 1973, Saffman & Yuen 1978). Thus far, no 
fully two-dimensional solutions exhibiting true soliton behavior 
have been found. 


Modulational Instability Generalization of the stability analysis 
of a uniform wavetrain to two space dimensions yields the result 
illustrated in Figure 7. The Benjamin-Feir results are recovered 
by setting to zero. Of particular significance is the fact that 
the two-dimensional instability does not have a high-wavenumber 
cutoff. This result has important implications when the long-time 
evolution of an unstable wavetrain in two dimensions is considered. 


Long-Time Evolution and Recurrence For certain initial conditions, 
the phenomenon recurrence apparently still exists for wavetrains in 
two dimensions (Yuen & Ferguson 1978b, Figure 8). When one examines 
the relationship between initial conditions and long-time evolution 
one concludes that, unlike the one-dimensional result, there exists 
for any fully two-dimensional unstable perturbation vector (K,,K.) 
an infinite set of integers (m,n) such that (mK,,nK,) lie in the 
unstable regime and are eligible to participate actively in the 
evolution. Furthermore, it has been confirmed by Martin & Yuen 
(1980) that an unstable wavetrain does recur, but that during each 
new cycle, unstable modes with larger values of m and n are excited. 
Thus, the long-time evolution consists of a periodic return to the 
initial condition together with a gradual "leak" of energy to higher 
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" 


Figure 6. Sketch of the free surface associated with an oblique 
plane soliton with individual wave crests having an angle 
of 30° with the envelope. 


Figure /. Stability diagram of a uniform wavetrain subject to in- 
finitesimal two-space dimensional perturbations. The 
growth rate is measured by Im. 


NONLINEAR DISPERSIVE WATER WAVE SYSTEMS 457 


and higher modes. Although this may not be the classical definition 
of thermalization, such behavior clearly indicates that the validity 
of the two-dimensional equation ceases at a finite time, since it is 
derived on the premise that most of the energy is confined within a 

narrow band around the carrier wavenumber. 


ZAKHAROV'S INTEGRAL EQUATION 


Most of the desirable features of the solutions of the one- 
dimensional nonlinear Schrodinger equation are lost in the extension 
to two space dimensions. The inverse-scattering method can no longer 
be applied. No localized solitons exhibiting stability and immunity 
from interaction effects have been found. Most perturbing of all, 
however, is the fact that certain solutions of the two-dimensional 
nonlinear Schrodinger equation experience a progressive leakage of 
energy to high modes, thus eventually extending beyond the domain 
of validity of the equation. 


As these problems with the two-dimensional theoretical results 
were identified, the need for a more accurate description than that 
provided by the nonlinear Schrodinger equation becomes apparent. A 
nonlinear integro-differential equation, first derived by Zakharov 
(1968), was identified by Crawford et al (1978) as being the desir- 
able replacement. Zakharov's equation describes the time evolution 
of the complex envelope spectral function A(k,t), 


i [w(k) +0 (ke, )-w (gy )-w (keg) 1t_ 


x e A* (kk, )A(k, JAC. ) dk dkodk Ky (18) 
where A(k,t) is related to the free surface by the expression 
1 el" i(kex-wt) - -i(kex-wt)| 
n(xst) = 5 A(k,t)en SES? + Ae (ky tye OSE OE) ak 
2 g° 
(19) 


and T(k, ky sk 2k3 ) is a real interaction coefficient first calculated 
by Zakharov (198) with minor algebraic corrections made by Crawford, 
Saffman & Yuen (1980). 


The nonlinear Schrodinger equation can be recovered, in one or 
two dimensions, by expanding the frequencies Wks ) about a carrier- 
wave vector to second order, and replacing the interaction coeffi- 
cient T(k, k1ko5k3) by its value when all four arguments are 
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Example of recurrence in two space dimensions. Doubly periodic calculations of the 
two space dimensional nonlinear Schrodinger equation. Initial conditions with two 
concentrated packets evolve through complicated patterns but emerging unchanged in 
form at opposite locations. 
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BENJAMIN AND FEIR (1967) 


ZAKHAROV'S 
EQUATION 
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Figure 9. Plot of the most unstable modulational frequency (Im?) 
against carrier wave steepness k,a,. Experimental data 
taken from the TRW Fluid Mechanics Department experiment. 
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evaluated at the carrier-wave vector ky = (k,,0). The resultant 
integral equation is then the Fourier-transformed equation for the 
complex amplitude A(x,y,t) that satisfies the nonlinear Schrodinger 
equation. This simplification is equivalent to retaining only the 
leading-order terms in nonlinearity and dispersion. 


Results obtained from the Zakharov integral equation were found 
to be very encouraging. The stability analysis for one-dimensional 
modulational perturbation yields an instability growth rate lower 
than that predicted by the nonlinear Schrodinger equation (and by 
the Benjamin & Feir analysis). The difference becomes appreciable 
for moderate wave steepness (ka = 0.15 and higher), and the growth 
rate predicted by the Zakharov equation is in better’ agreement with 
experimental data (Crawford et al 1978; see Figure 9). For very 
large values of wave steepness, Zakharov's equation predicts a 
restabilization, which is in qualitative agreement with the exact 
numerical results of Longuet-Higgins (1978) and Peregrine & Thomas 
(1979). 


The Zakharov equation can also be used to study the interaction 
of more than one wave component traveling in different directions. 
In particular, the problem of the generation of a third wavetrain 
by two resonantly interacting and intersecting wavetrains was exam- 
ined by D. R. Crawford and H. C. Yuen (in preparation), and the 
results compare very well with the experimental data of McGoldrick 
et al (1966) and Longuet-Higgins & Smith (1966). 


The most important result, however, is the stability analysis 
in two space dimensions. Crawford, Lake, Saffman & Yuen (1982) 
showed that, contrary to the results from the two-dimensional non- 
linear Schrodinger equation, the instability diagram for the uniform 
wavetrain possesses a high-wavenumber cutoff (see Figure 10). 
Therefore the leakage to high modes experienced by certain solutions 
of the two-dimensional nonlinear Schrodinger equation need not occur 
in wave systems described by the Zakharov equation. The concept of 
wave coherence appears to be relevant to wave systems in two space 
dimensions after all, although positive confirmation has yet to be 
produced. 


RESTABILIZATION OF THE UNIFORM WAVETRAIN AT LARGE AMPLITUDE 


The modulation instability for weakly nonlinear wavetrains as 
calculated by Benjamin & Feir (1967), and from the nonlinear 
Schrodinger equation, is "similar" in the wave steepness (here 
taken to be kgag = th/A), in the sense that when plotted in scaled 
variables, with the modulational wavenumber scaled by k,a, and the 
growth rate scaled by kéa a‘, the results are no longer dependent on 
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Stability boundary for a uniform wavetrain subject to infinitesimal two-dimensional 
perturbations based on the Zakharov equation. The shaded region represents insta- 
bility. For k,4,> greater than 0.495, the instability disappears and the wave- 
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Experimental observation of steady three-dimensional wave patterns. This pattern 
results from a uniform wavetrain through the McLean et al. three-dimensional insta- 
bility and compares well with the predictions of Saffman and Yuen. (M. Y. Su's 
experiment, NORDA) 
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ka). This is not true for the Zakharov equation, which has a 
stronger dependence on k,a,. In fact, the Zakharov equation indi- 
cates that the modulational instability disappears for sufficiently 
large values of kja . The Zakharov equation predicts wavetrain 
restabilization at kpag = 0.5. Since this is greater than the k,a, 
of the limiting wave, the prediction is only suggestive of the 
correct behavior. The value of k,a, at which restabilization 
actually occurs is around 0.34, as shown by the exact numerical 
calculations of Longuet-Higgins (1978). 


BIFURCATION 


The restabilization of a wavetrain occurs when the eigenvalue 
of the perturbation equation changes from imaginary (representing 
growth and decay) to real (representing oscillations). Further 
increase in the wave amplitude results in the real eigenvalues 
becoming zero. When this occurs, it means that a disturbance can 
be put on the wave which neither grows nor oscillates. In a sense, 
it can become the starting point of a new branch of solutions and 
this point of zero eigenvalue can be a bifurcation point. 


In the two-dimensional case, bifurcated Stokes waves were first 
discovered by Chen & Saffman (1980). They showed that steady modu- 
lated wave patterns with N waves per modulation period can exist at 
large wave amplitude. It is interesting to note that an earlier 
proof by Garabedian (1965) showed that a symmetric, uniform, deep- 
water, gravity wavetrain is unique provided that its crests and 
troughs are each of the same level. The findings of Chen & Saffman 
(1980) do not violate this theorem, but they do point to the crucial 
requirement of equal levels of crests and troughs in the uniqueness 
proof. 


In the three-dimensional case, it can be shown (Saffman & Yuen 
1980) that the critical wave steepness for bifurcation of oblique 
patterns decreases with increasing obliqueness. In fact, bifurcated 
solutions, in the form of symmetric and antisymmetric patterns, occur 
for every value of wave steepness. Calculations of these patterns, 
using the Zakharov equation and the exact water wave equations, were 
made by Saffman & Yuen (1980a,b) and Meiron, Saffman & Yuen (1982). 


Independent of the theoretical predictions, Su (1982) reported 
experimental observations of regular, steady, three-dimensional wave 
patterns. The observed patterns compared well with the theoretical 
predictions of Saffman & Yuen, and provided one further piece of 
information: there is a preference for wave patterns with alternate 
high and low crests in the direction of propagation. The preference 
can be better understood with a subsequent calculation by McLean 
et al (1981) which uncovered a new type of three-dimensional insta- 
bility which appears to trigger these bifurcation patterns 
(Figure 11). 
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NEW TYPE OF THREE-DIMENSIONAL INSTABILITY 


McLean et al (1981) performed a stability analysis of a non- 
linear wavetrain to infinitesimal three-dimensional perturbations 
using the exact water wave equations. They recovered the modula- 
tional instability, which for small wave steepness, corresponds to 
the Benjamin & Feir (1967) instability in the unidirectional case. 
They found, however, that for larger wave steepness, a higher order 
instability becomes prominent and eventually dominates. This new 
instability is strongly three-dimensional, with the maximum growth 
rate associated with disturbances corresponding to alternate wave 
crests being higher. In addition, perturbations corresponding to 
alternate wave crests being higher has the important property that 
they copropagate with the underlying wave. In other words, the 
instability will "lock on' to the wave and grow. This type of 
instability can cause the unstable uniform wavetrain to bifurcate 
into a wave pattern, and may explain why the most readily observed 
pattern is the one with alternate waves being higher. This new 
type of three-dimensional instability does not restabilize at 
large wave steepness, in contrast with the modulational instability 
mentioned earlier. 
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The accumulation of theoretical and experimental data about 
the components of a biological system is a fundamental step for 
understanding it. However a basic dynamical scheme is still 
lacking, actually a living system cannot be understood merely as 
the sum of the properties and behaviors of its components. This 
situation is very familiar in many body physics: a crystal, for 
example, is composed of atoms embedded in a lattice structure; but 
a complete description of the crystal can be obtained only if one 
considers other kinds of "particles", e.g. phonons, plasmons, etc, 
besides the original atoms. These new particles, which are the 
quanta of the system's collective excitations, appear rather 
peculiar. If one breaks up the crystal into its components, one 
does not find any trace of them -- one will obtain only the 
“original” atoms. The crystal is basically the “collective 
behavior" of its component atoms. Studying the crystal means 
studying the dynamical collective modes which are in fact those 
“particles” as the phonons, the plasmons, etc. In the same way a 
physicist's conclusion would be that a living system is charac- 
terized just by its dynamical collective modes. This is a formi- 
dable task because the basic dynamics might be very complicated. 
Such a task could be even out of the reach of any analytical 
computational scheme. Moreover a living system exhibits seemingly 
contradictory features. 


It has been suggested that a living system has to be a 
dissipative one, namely it must be an open system able to dissipate 
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outward all the incoming energy (1). From a macroscopic point of 
view this general principle of dissipativity must be compared with 
the equally general fact that the entropy of the system sharply 
decreases when it is metabolically active. 


The decrease of entropy, i.e. some sort of ordering occurring 
in the system, would require an expense of energy by the thermo- 
dynamics laws. In our case we are then compelled to look for a 
dynamical mechanism able to order the system by a sheer transit of 
energy. One more puzzle emerges upon examination of the system 
biochemistry. The observed rigorous time-ordering of the chemical 
reactions occurring in the metabolic activity, without unwanted 
macroscopic fluctuations, occurs in the frame of a non-equilibrium 
thermodynamic behavior as required by the general principle of 
dissipativity. 


Let us consider these difficulties with a little more detail. 
A possible approach could be to regard the macroscopic features of 
the biological system as a consequence of dynamical microscopic 
laws. This approach "works" in other fields of natural phenomena, 
so that we will assume that also in biology a macroscopic observ- 
able behavior would be the effect of a collective dynamics of 
elementary constituents submitted to a microscopic dynamics. In 
crystals the collective motions of atoms are described by means of 
microscopic “quasiparticles” such as phonons. Our aim is to find 
out the corresponding “quasiparticles” responsible for the behavior 
of a biological systen. 


The dynamics of a biological system will be complex enough to 
account for all the different observed behaviors. In order to get 
a first understanding of the most general features, we should 
concentrate on the symmetry properties of the system. This 
approach, which gets as much information as possible from the 
Symmetry properties, without going through explicit dynamical 
computations, has been very successful in physics. 


Quantum Field Theory (QFT) has proven to be suitable both in 
the description of the collective phenomena and for explaining the 
creation of ordered (not necessarily spatially-ordered) structures. 
For this reason we start from the QFT framework as the theoretical 
tool for understanding the dynamics of biological systems (2). 
Because living matter is basically a dielectric (3); we will try to 
describe it as a set of macromolecular dipoles, submitted to a 
Lagrangian of appropriate complexity. A dipole dynamics does not 
contain at a fundamental level any preferred direction, so that the 
Lagrangian, whatever its specific form, must be rotationally 
invariant, i.e. invariant under the SU(2) group. the macro- 
molecule environment in a living system is water, whose polar 
molecule allows in principle aqueous electrets under suitable 
conditions. We take the aqueous environment of macromolecules as 
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the “vacuum” of our system. Our QFT model then includes a rota- 
tionally invariant Lagrangian and a “vacuum”, which could be 
characterized by a net electric polarization, implying a given 
space direction which breaks the rotational invariance. 


Recently it has been recognized (4) that electrets (not ferro- 
electrics) consisting essentially of water molecules exist around 
the main biomolecules. These electrets couple to activated sites 
of the macromolecule and have an activation energy having an order 
of magnitude of one half of an electron volt. Moreover elegtrets 
have been shown to oscillate with frequencies as low as 10° to 
10 ~ Hz. 


We can translate these experimental findings into a property 
of the vacuum in our scheme. The vacuum expectation value (v.e.v.) 
of the electric polarization field P may be nonvanishing: 


<0 |P(x)| 0> =P #0 (1) 
where the direction of P will be taken as the 3rd direction. 


The coexistence of an invariant Lagrangian and a non invariant 
vacuum is well-known in QFT. The system is governed by the Gold- 
stone theorem (5). We will discuss briefly the topics in the 
framework of a specific formulation of QFT (6), useful for consid- 
ering symmetry problems. This approach can be summarized as 
follows. We distinguish two levels of physical reality: the 
microscopic one and the phenomenological one. At the microscopic 
level the system is described by Heisenberg interacting fields 
(in our case the dipole fields of molecules), which obey nonlinear 
field equations: 


ACd) X(x,t) = J [x(x,t)] (2) 


where A(0) is a kinetic operator and J a source operator. Eq. 2 is 
derived from a Lagrangian exhibiting a given degree of symmetry. 

At the phenomenological level, the system appears as a set of 
particles (its asymptomatic components in a LSZ formulation) or 
mutually non interacting quasi-particles (quanta of collective 
excitations such as phonons, plasmons, magnons and so on). They 
will be consequently described by operators $, obeying free-field 
equations: 


K(a) ¢ = 0 (3) 


The Hilbert space of the physical states of the system is con- 
structed from the solutions of Eq. 3. The matrix elements of the 
microscopic fields X in this space cannot be expected to be parti- 
cularly simple, so that any possibility of physical understanding 
is dependent upon the existence of a “dynamical map", namely a 
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functional relationship between the matrix elements of the fields X 
and the matrix elements of the fields 9: 


< alx(x,t)|b > = < aly [p(x,t)]|b > (4) 


If the Lagrangian has a certain symmetry, i.e. the solutions 
of Eq. 2 are transformed one into another by a certain group of 
transformations, Eq. 4 will define a corresponding group for the 
fields ¢, solutions of Eq. 3. If g is a transformation belonging 
to the invariant group of Eq. 4 so that x' = gy and A(9)X' = J[x'] 
then Eq. 4 will define a 6'= ho such that 


K(9) o' = 0 
< alx'|b > =< al ¥ (6')]b D (5) 


The group of transformations h, defined by Eq. 5 and acting on 
the fields ¢ is not necessarily the same group of transformations 
acting on the fields x. Suppose that some field ¢ transforms as 
d (x) > o(x) + cf(x) with K(9) f (x) = 0. 


Then the transformation > > ¢ + cf transforms one solution of 
Eq- 3 into another and belongs to the invariance group of Eq. 3. 
The dynamical map (4), maps this transformation into an element of 
the invariance group of Eq. 2. But the transformation? > > + cf 
just transforms an invariant vacuum into a non-invariant one, so it 
cannot be a member of the invariance group of Eq. 2 which only con- 
tains homogeneous transformations. The two invariance groups -- 
for Eqs. 2 and 3 respectively -- are proven to be different 
whenever the vacuum expectation value of some x field is non- 
vanishing. They are mapped one into another by Eq. 4, which 
defines a dynamical rearrangement of the symmetry. The Lagrangian 
original symmetry gives rise to a different symmetry at the level 
of observable variables. 


The occurrence of this rearrangement, as a consequence of the 
vacuum non invariance, implies that there exist fields which trans- 
form in a nonhomogeneous way. Moreover, due to the invariance of 
the theory -- this is the content of the Goldstone theorem (5) -- 
these fields are massless in absence of gauge fields. 


Let us now come back to our original dipole system, charac- 
terized by an SU(2) invariant Lagrangian. The appearance of a 
water net polarization shown by Eq. 1, implies a rearrangement of 
the SU(2) invariance. It has been shown elsewhere (7) that the 
observable system is described by the group E(2), which is the 
“group contraction" of the original SU(2) (8,9). E(2) is a group 
formed by a rotation around an axis (in our case the polarization 
direction and two “translations” along the two normal directions. 
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The “translations” have the form: 
B(x) ——> B(x) + constant 
+ + | 
B (x) ——> B (x) + constant (6) 


where B(x) and BY (x) are the massless fields forseen by the 
Goldstone theorem. B and B_ preserve the dipole quantum number of 
the basic Heisenberg field x, which would otherwise not be con- 
served because of the symmetry breaking. The massless fields B and 
B describe then electric polarization waves, that, because of the 
invariance transformations (6) must be also coherent and correspond 
to a Bose condensation of B-quanta. 


In conclusion, the QFT machinery and the Goldstone theorem 
ensure that, given our hypothesis, a biological system must be 
characterized by coherent electric polarization waves. Frohlich 
(3) has predicted the existence of these waves under the condition 
of dissipativity, which then appears as the macroscopic manifesta- 
tion of a microscopic invariance of the dynamics. We thus see how 
dissipativity is connected with the (spontaneous) entropy decrease; 
the energy release occurs through the production of a coherent 
wave. . 


Coherent polarization waves have been shown to be the conse- 
quence of a net water polarization. Where does this polarization 
comes from? It has been remarked recently (10) that long macro- 
molecular chains may host slowly moving nonlinear excitations -- 
the solitons -- which are produced by the output of metabolic 
reactions. Such solitons can also capture electrons, giving rise 
to electric currents (11). It is not too unreasonable to assume 
that the fields associated with such currents could polarize the 
water dipoles. There is a numerical coincidence that looks 
interesting: The average energy to create a soliton is of the same 
order of magnitude of the activation energy for the electret. The 
electret then would appear as a consequence of the dynamical re- 
arrangements occurring in the system, after the creation of 
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It has been shown (7) that Davydov solitons can be treated as 
localized Bose condensations of excitation quanta on the molecular 
one dimensional chains. This is actually a general result in QFT 
models (12, 13). It is then possible to outline a rough scheme (7, 
14) for the dynamics of the biological process. The System first 
gets energy from the environment, not information, but just energy 
in an incoherent form. The organization of such energy on the 
molecular chains gives rise to local condensations. These spread 
out without expense of energy, producing water electrets. At this 
point the dynamics originally confined on the one-dimensional 
molecular chains invades all the system space, correlating pre- 
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viously separated domains through long range coherent electric 
waves. These waves play an important role in the architectural and 
biochemical organization of the system through the associated 
ponderomotive forces (15), as discussed in a different contribution 
to this conference. 


Spectroscopic evidence (16) has been analyzed (14) in the 
framework of the above model. 


In conclusion the QFT approach allows discussion of the col- 
lective behavior of a biological system in terms of spontaneous 
loss of symmetry and creation of order through Bose condensation of 
quanta. Much work has yet to be done in order to introduce a 
realistic finite size for the system, to consider temperature 
effects and so on. In ref. 7 preliminary comments on the finite 
size problem can be found together with a discussion on the system 
stability under soft external perturbations. 
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INTRODUCTION 


Biological systems are characterized by structure and dynami- 
cal ordering. Molecular biologists have gone a long way towards 
understanding structure. Research into dynamics is in progress. 
The aim is to elucidate how the large number of molecules in a cell 
can arrange themselves in ordered and meaningful patterns, avoiding 
mistakes and the kind of disordered behavior which produces 
heating. Actually the constance of temperature during the biologi- 
cal life cycle can be considered as a rough principle of biology. 
This means from a physical point of view that the energy released 
from metabolic reactions supplies collective degrees of freedom 
without any thermal losses, i.e. without increasing the system 
temperature. 


Order in biological systems is not static as in crystals but 
appears in different forms at different times of the life cycle and 
reshuffles itself following environmental perturbations. A 
flexible order emerges as a feedback in the interaction between the 
system and the environment. This kind of order cannot be produced 
by a simple spatial ordering of components as in crystals, but 
needs long-range time-dependent phase correlations among the 
components. Living matter is a dielectric; consequently the above 
correlation must be connected to a coherent electric vibration of 
appropriate frequency. Herbert Frohlich (1-3) was the first to 
stress this point; over the years he worked out a theory of such 
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waves predicting a number of consequences. A dynamical model has 
been presented in these proceedings (4,5) which shows how coherent 
polarization waves could emerge as a consequence of the dynamics of 
biomolecules and water triggered by metabolism. In this model, 
early dynamics produce solitons on molecular chains. Subsequently 
surrounding water is driven to an electret state, thus preparing 
the necessary conditions for the onset of a collective regime 
dominated by coherent electric polarization waves. 


The above philosophical point of view can be verified experi- 
mentally. Phase ordering in a material can be actually detected by 
Raman spectroscopy, (6) if the frequency of the phase correlation 
waves is in the appropriate range. The Raman scattering, i.e. the 
inelastic scattering of coherent electromagnetic radiation upon a 
collection of scattering centers preserves the phase relationships 
existing inside the collection. The emerging radiation then will 
have the same degree of coherence as the target oscillators. A 
completely disordered material provides a Raman response charac~ 
terized by very large bands in a structureless background while 
sharp lines spectra are characteristic of phase ordered materials 
(7). This phase ordering might have a twofold origin: either could 
be a consequence of an extended spatial order as in crystals or 
could be produced by a coherent oscillation of given frequency 
existing in the medium. 


Sydney J. Webb (6) has studied the Raman response of biologi- 
cal materials both in metabolic and in anabiotic conditions. A 
striking pattern emerges from his investigation. Sharp spectral 
lines are present at room temperature in metabolic conditions and 
are time dependent in a reproducible way. Metabolic inactivity 
corresponds to an empty spectrum. Under the above considerations, 
we expect a time dependent order in metabolically active biological 
systems which disappears when metabolic activity is stopped. 


A purely spatial order as in solids or in liquid crystals 
cannot be the general answer. We cannot exclude that such order 
could hold in particular conditions, but the global consideration 
of biological phenomenology brings us to exclude the presence of a 
purely spatial order in living matter. Rather, we conclude the 
evidence supports the hypothesis of a dynamical order induced by 
coherent oscillations. 


At this point we are confronted with a major difficulty. 
Living matter is made of up to /0% water and we know that water 
strongly absorbs radiation in a wide spectral range which includes 
the region of the Raman lines detected by Webb. Polarization waves 
have been introduced as a model for order at very long distances, 
but in usual conditions water would prevent them from traveling 
over an appreciable range. The question is whether a. mechanism 
exists which could allow a polarization wave to travel a long 
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distance inside “hostile” medium. From long range communication 
technology we recieve a positive answer; the means is by a wave- 
guide. 


In the biological case the waveguide has to be a part of the 
whole system, sharing with it the same requisites of flexibility 
and time dependence; then it must be produced by the same dynamical 
process responsible for the polarization waves. If the electric 
field associated with the polarization wave is intense enough 
(say about 10 V/m) the wave propagation is governed by a nonlinear 
law which replaces the usual linear approximation responsible for 
the well known ordinary optics. Actually it has been found that 
electric fields in biological systems can reach very high values of 
the order of 10,,to 10 V 8) gorresponding to a power in vacuum 


/n, .( 
of about 5 x i101! + 5x i9'3 W/m. 


_ We recall that the atomic electric fields are about 10° V/m in 
semiconductors and about 10° V/m in dielectrics and therefore the 
existence of such high electric fields in biological systems 
implies that the nonlinear response has to be taken into account. 


1. SELF-FOCUSING AND PONDEROMOTIVE FORCES OF COHERENT ELECTRIC 
WAVES 


It is therefore important to investigate the role of non- 
linearities in the propagation of intense coherent electric waves 
in biological media.* 


We will analyze this propagation both in the intracellular 
case, where the medium is the cytoplasm (cytosol) and in the 
intercellular one, where in the particular case of erythrocytes 
(red blood cells) we consider the medium is the serum with blood 
proteins. The medium in which the electric wave 


7 1? ; > > 
E = 5A (r,t) exp i(wot-k,-r) + c.c. (1) 


is propagating can be considered to be a homogeneous aqueous 
solution of macromolecules. It can be macroscopically described by 
its refractive index n, which is a function of the electric field E 


n=n,+n,|Al* + nglAl’ Fosse (2) 


*Editor's note: Whether such fields really exist in biological 
systems is problematic. The line widths and power levels necessary 
for nonlinear effects to become significant seem to be incompatible 
with the disorder of these systems. See also Bullough's contribu- 
tion, these proceedings. 
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where n_ is the linear index of refraction (the asymtotic value of 
nas A + 0). This means that the refractive index of the medium is 
different in presence or in absence of an electric field and that 
in the field of a bounded light beam a medium which is initially 
homogeneous becomes optically inhomogeneous. In fact 


n=n, + ny,lAl*t+ n,lAl* + .... 


in the region traversed by the beam and n = no outside. 


Let us confine ourselves to the lowest order term in nonlinear 
refraction; when n, > 0, the region where the field presents a 
maximum intensity {5 also the most optically dense one. A non- 
linear refraction is usually produced in the Kerr effect, leading 
to the appearance of birefringence induced by the electric field. 
We will discuss this point in detail in the following. 


We consider now the effect of a nonlinear index of refraction 
with n, > O on a beam propagating in the medium. It can be shown 
(9-12) that under proper conditions associated to the power of the 
electric field and to peculiar characteristics of the medium, self- 
focusing of the beam can take place, i.e. the propagating beam 
shrinks until a limiting diameter is reached after a path of 


critical length 
a_/ = 


Ny jal? (3) 


a being the radius of the incoming beam. The quantity R_,, which 
has the dimension of a length, is called the effective seIf- 
focusing length. When nonlinear refraction completly compensates 
for the diffraction spreading, the beam is confined within an 
optical waveguide ("filament") where it propagates without diver- 
gence and whose length depends on the field intensity. This 
process is usually called "“self-trapping" of the wave. In this 
regime the beam is able to concentrate its energy on very small 
cross sections and the penetration range is greatly enhanced. 


Self-focusing and self-trapping of the beam occurs only when a 
critical power Por is exceeded 


p= £1.22)" hfe 

Cr 256 n, (4) 
as can be seen by simple arguments of geometrical optics. These 
properties can be found in any transparent medium exhibiting 
relevant Kerr nonlinearities. A large experimental evidence has 
been accumulated for many substances such as CS,, nitrobenzene, 
CCi,, etc. (11-13). It is interesting to note that theoretical 

est imates and experimental evidence of self-focusing has also been 
given for water, (10) with a critical power of the order of 1 MW to 
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be compared with 0.2 MW for CS, and 0.25 MW for benzene. Let us 

now consider the dynamical consequences of a self-trapped beam 

propagating in an aqueous solution of biomolecules, i.e. ina 

medium of biological interest (14,15). The unit volume force (16) 

exerted by an electric field E in a medium with polarization. P is 
> 


> > > > > 1 3P y 5 
P= pE + (Pv)JE +o op (5) 
> > 
where is the charge density, E and H the electric and magnetic 


fields of the wave, c the light speed. The linear term describes 
the interactions due to charge distributions, the second term (the 
“gradient” force) is very important on the boundary around the 
self-trapped beam and the third term is the radiation pressure term 
(17). It can be shown (18) that the gradient term in eq. 5 can be 


written as 2 ye 
W ~ 2 
P.v)E = const ) > 2) 2,52 } VE (6) 
(P.V) - Le (woe ) +Ty 


in terms of Won? &@ resonance frequency of the dielectric and of [,, 
the damping constant of the k-th oscillator. It is apparent that 
the gradient force plays an important role at the boundary of the 
self-trapped beam, because in this case the factor VE is highly 
enhanced with respect to the gradient gf the square of the incoming 
electric beam (up to a factor 10 - 10°). 


It is also apparent from the structure of eq. 6 that this 
force will act selectively on different solute molecules according 
to the resonance properties between typical frequencies of the 
molecules and the frequency of the propagating beam. This force, 
directed along VE and therefore normal to the axis of the bean, 
is attractive (or repulsive) depending on the sign of (vw, - w). 
More precisely molecules will be attractedd toward the beam when 
W <€W . and repulsed away from the beam when W >w _,. AS a conse- 
quence, condensation or rarefaction of molecules in the solution, 
i.e. concentration changes, around the "filament™ can take place 
when 8 approaches W ,. At this point it is important to recall 
that (13) the tige Scale of this process (electrostriction) is of 
the order of 10° s which, has to_bs compared with Kerr mechanism 
characteristic time (10 to 10 s). Therefore, the propagating 
self-trapped beam might construct a material waveguide in the 
medium, provided that the coherent electric signal would last 
longer than the electrostriction characteristic time. The forma- 
tion of the material filament requires the following conditions: 
i) high Kerr nonlinearity, to allow the presence of high electric 
field gradients on the boundary of the beam and its self-focusing; 
ii) electric field power greater than P. in order to stabilize 
self-focusing into self-trapping of the beam, and provide an 
efficient propagation of the signal in the medium; iii) resonance 
or quasi-resonance between the frequency of the electric wave and 
some frequencies of the molecules present in the medium in order to 
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concentrate them around the beam; iv) amplitude A of the signal E 
constant oyer a time interval long on the electrostriction time 
scale (10 ° s) in order to build up the material waveguide around 
the filament. 


Conditions i) and ii) will then ensure an efficient propaga- 
tion of the wave overcoming the usual geometric and diffraction 
losses. Condition iii) and iv) on the frequency of the wave will 
allow (for 8 < W_._) the formation of a material filament built up 
by selected molecules. A filament, in turn, will enhance the effi- 
ciency of the propagation and will screen the beam from external 
perturbations. 


To establish whether efficient propagation of an electric wave 
can take place, Kerr properties of the medium have to be consid- 
ered. Kerr constants at the frequency ™ of the wave should be 
examined. The a.c. Kerr constants in the visible range for gs ’ 
nitrobenzene, and CCl, are of the order of 10° cm/ (Stat V) f12). 
We are not aware of a.c. Kerr measurements for solutions of 
biomolecules. On the other hand, it can be seen that the knowledge 
of d.c. Kerr constants gives useful information on the a.c. Kerr 
response (10). The polarization of the medium induced by an a.c. 
electric field E is in a simple scalar form: 


P = P(E) = aE + XE? + OE* + .eeeee 


This formula contains both a static contribution and an 
alternating one at the field frequency (20). For a solution of 
polar molecules the d.c. contribution (which can be negative) to 
the Kerr constant dominates the a.c. one. Therefore the Kerr 
response of the medium will be approximated fairly well by its d.c. 
Kerr response. In the case of non-polar molecules, the static and 
alternating contributions are instead of the same order of magni- 
tude and therefore again the Kerr response of the medium will be 
qualitatively given by its d.c. Kerr constant (10). 


On the basis of these considerations, a knowledge of d.c. Kerr 
constants allows an estimation of the likelihood of self-focusing. 
For negative Kerr birefringence (n, < 0) a defocusing of the beam 
occurs. For positive Kerr birefringence (n, < 0) self-focusing and 
self-trapping of the beam can take place provided that the beam 
power exceeds Par’ 


In standard experiments (12) on self-focusing in CS,, 
nitrobenzene, CCl, the beam power is of the order of 10 — 100 kW, 
which is consistent with intensity of electric fields of 10/ V/m. 


Since P _~i and n,=n,(c) where c is the concentration of the 
solute moleciles, a strong dependence of P__ and therefore of self- 
focusing on the concentration of molecules are expected. A 
necessary condition for self-association and polymerization is then 
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fulfilled and in presence of proper conditions (ordering among the 
monomers, (21) bridging agents, etc.) a polymer can be formed along 
the filament (15). 


To complete the description of the full dynamics of the 
filament, it is necessary to discuss the last term in eq. 5, namely 
the radiation pressure term (22). A transversal electric wave 
produces a force directed along the propagation axis which is able 
to push molecules along the waveguide. A consequence is a pressure 
on the monomers attracted by the gradient force and ordered by the 
electric field in the filament. This pressure could actually play 
a role in providing the energy for a possible polymerization. 


Moreover, the radiation pressure could account for the 
dynamics of the polymer, when assembly and disassembly at opposite 
ends of the filament take place, together with movement of monomers 
along the polymer itself. This process (treadmilling) is discussed 
in the next section when actin polymerization is examined. 


If self-focusing of coherent electric waves and the consequent 
ponderomotive force arising in the biological medium are respon- 
sible for the polymer formation, then the critical length of the 
polymer could be related to the length of the self-trapped beam. 


The interplay between gradient force and radiation pressure 
has been observed in physical systems by laser induced "levitation" 
and laser isotope separation (25). This “optical mechanics", while 
ensuring the propagation of the coherent waves, could actually 
provide the engine for transport mechanism and selected molecules 
interactions inside biological systems. 


2. ORGANIZATION OF LIVING MATTER THROUGH COHERENT ELECTRIC WAVES 


The above mechanisms of self-focusing and self-trapping 
together with the associated ponderomotive forces may support the 
efficient propagation of coherent electric waves through living 
matter. 


We may compare the consequences of such a mechanism with the 
biological evidence. 


Cytoskeleton Structures - Cell cytoplasm has been recently 
recognized as a complex structure, resulting from three networks of 
branched filaments of different diameters, whose interstices are 
filled by water (26). These three networks of filaments are made 
up of different proteins: 1) microfilaments formed by actin whose 
diameter is about 60 ii) microtubules made up from tubulin whose 
diameter is about 250 A, and iii) intermediate filaments formed by 
a number of different proteins whose diameter is about 100 & (27). 
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It has been shown that these microstructures are connected 
with metabolic activity and their shape and size depend on the cell 
life cycle and the interaction of the cell with the environment 
(26-29). It has also been suggested that the bulk of the cell 
chemical reactions occurs along these networks connecting all the 
principal cell organelles. The system of filaments has not been 
found to be directly attached to cell membranes. In presence of 
external electric and magnetic fields the whole filament network 
has been found to rotate, suggesting that filaments are not rigidly 
bound to the cell membrane. The actin network seems to start from 
selected sites in the proximity of the membrane. 


All these filaments exhibit a constant and rapid turnover of 
their protein monomers (28-30). Moreover, it has been observed 
experimentally in vitro (29,30) that tubulin and actin filaments 
can acquire monomers at one end while loosing monomers at the 
opposite end, producing an associated movement of monomers along 
the filament. This process is called treadmilling and has been 
proposed to be present in vivo. 


Our model of the formation and the dynamics of cytoskeleton is 
a consequence of the Frohlich theory of coherent electric waves and 
of the nonlinear propagation of these waves within the cell 
cytopjasm (32). The existence of high electric fields of the order 
of 10 V/m on the cell membrane together with the nonlinear 
response of the cell medium, will ensure self-focusing and self- 
trapping of coherent electric waves produced by collective dynamics 
in the membrane (1-3). 


In order to evaluate the nonlinear response of the cell 
medium, which can be treated as a solution of the cytoskeleton 
proteins, we may estimate Kerr properties. Positive birefringence 
(d.c. Kerr effect) has been observed at rather low values of 
external electric fields (E 10 V/m) for solution of G-actin and 
small polymers (of length ¢ 1.5 um) of F-actin (33). Actin, 
composing about 20% of the total cell proteins, is therefore 
responsible for the nonlinear behavior of the cell cytoplasms. The 
efficient propagation of the coherent waves within the cell, as 
discussed in section 1, gives rise to ponderomotive forces which 
can build up a material filament network. As a consequence of 
changes in concentration in the medium along the filament, self- 
association of monomers and eventually polymer formation favored by 
ordering processes, can take place in strict dependence upon 
dynamical events in the whole cell. This would meet the require- 
ments of J. Hyams for the cytoskeleton as "a vectorial framework 
upon which some other force generating component is organized" 
(34). 


An interesting implication of this model is that a critical 
length Ri (see eq. 3) has to be traveled in the medium before 
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self-trapping of the wave occurs. Then an empty space is expected 
to show up between the starting filament and the source (e.g. celf 
membrane) of the coherent waves. Experimental evidence of this 
behavior would give further support to the proposed model. 


Moreover the treadmilling process, reported above, could be 
accounted for by the interplay of the radiation pressure and of the 
gradient term in the ponderomotive force. 


Blood Clotting and Contractils Formation - Erythrocytes, red blood 
cells of 8 um diameter, are easily involved in adhesion processes; 
they form rouleaux that appear under the microscope as stacks of 
coins. Rouleaux formation, a typical process in blood clotting, is 
known to increase abnormally in a number of diseases such as 
coronary heart disease. 


This process cannot be explained from the theory of colloid 
aggregation based on Brownian motion (35). It has been reported 
(36) that “abnormal” adhesion among erythrocytes (suspended in 
their own plasma) is observed unless: 1) membrane potential is 
suppressed; 2) metabolic activity is depleted; 3) erythrocyte 
membrane is disorganized by interfering agents altering the bilayer 
structure (glutaraldehyde). Furthermore, experiments on rouleaux 
formation among cells of different mammalian species show that this 
interaction is species specific. These results, again, cannot be 
accounted for from the theory of polydispersed colloid aggregation, 
but can be explained from Frohlich's theory of coherent electric 
waves and long range interactions (36). 


More recently (37) it has been found that rouleaux formation 
depends also upon the presence in the suspending medium of proper 
macromolecules and it does not occur in serum, i.e. in blood plasma 
depleted by proteins. Fibrinogen, PVP, dextran and polyethylene 
oxide, when added at proper concentrations to an isotonic saline 
suspension of erythrocytes, induce efficient rouleaux formation. 
No rouleaux formation occurs when albumin is added, even at 
concentrations greater than the physiological one. Electron 
microscopy studies have shown that contractile fibrils are present 
among adjacent erythrocytes when they are pulled apart. Their 
length ranges from few m to more than 100 ym, for erythrocytes of 
the same species. Much shorter and weaker contractils have been 
observed upon reduction of membrane potential and metabolic 
activity and in mixed interspecies rouleaux. 


It has also been observed that the length of contractils 
reduces to zero when traction among cells forming rouleaux is 
released. This result cannot, therefore, be explained by the 
viscoelastic property of fibrils. 
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We believe that contractils are produced by Frohlich activity 
of the erythrocytes and the propagation of coherent electric waves 
in the suspending medium. The question is whether self-focusing 
and self-trapping of the waves can take place and be responsible 
for contractils formation in the presence of proper macromolecules. 
For this purpose, Kerr properties of fibrinogen and albumin can be 
compared. In the case of fibrinogen solutions (at physiological 
pH) positive birefringence with high d.c. Kerr constant has been 
observed in presence of external electric field of the order of 
10 V/cm (38). For albumin, a d.c. Kerr constant two orders of 
magnitude lower than that of fibrinogen is reported (39). Self- 
focusing and self-trapping of Frohlich waves among erythrocytes 
could then be at work in presence of fibrinogen, with consequent 
formation of contractils as discussed in Section l. 


Also the existence of a threshold concentration of the 
rouleaux~inducing molecules in the medium can be explained from the 
model. The critical power for self-trapping of the coherent waves 
is a function of the refractive index of the medium and therefore 
of the concentration of the molecules. 


A striking experimental characteristic of contractils is the 
presence of a small gap at each end of the fibrils, i.e. an empty 
Space between erythrocyte and its formed contractil (37). The 
existence of such gaps is a critical requirement of the proposed 
model. As discussed above, self-trapping of the waves takes place 
after a path of critical length R 1 (see eq. 3). Along this 
critical path the gradient term of the ponderomotive force is then 
not strong enough to attract molecules and therefore no filament 
can be found. 


It will be then very interesting to investigate experimentally 
the Kerr response of the other rouleaux inducing molecules, PVP, 
dextran and PEO. 


In conclusion, the hypothesis of the existence of coherent 
electric vibrations in biological systems allows us to predict a 
number of phenomenological consequences and to explain critical 
experimental features. 
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APPLICATIONS OF NONLINEAR PHYSICS IN BIOPHYSICS, 
BIOCHEMISTRY AND CELL BIOLOGY 


GENERAL THEORY OF COHERENT EXCITATIONS ON BIOLOGICAL SYSTEMS 


H. Frohlich 


Department of Physics 

Oliver Lodge Laboratory 

The University of Liverpool Oxford Street 
Liverpool L69 3BX ENGLAND 


ABSTRACT 


Coherent excitations, as first proposed in 1968, can arise in 
the presence of nonlinear interactions if metabolic energy is 
supplied at a rate s above a critical s_. Three types of excita- 
tions will be shown to exist: A excitation of a single mode; B 
excitation of a metastable highly polar state; C excitation of 
limit cycles or Lotka-Volterra oscillations in complex systems. 
They may have far reaching consequences on the dynamics of biolo- 


gical systems. 


Externally applied radiation may, at certain frequencies and 
at certain stages of development, act as trigger to biological 
events. In this case a steplike dependence on the intensity is to 
be expected. 


Relevant experimental evidence will be indicated. 
INTRODUCTION 


A general theory of biological activity necessarily will be 
concerned with properties common to most biological materials. 
From the point of view of physics the extraordinary dielectric 
properties (1) are outstanding in this respect. Most remarkable 
amongst these are the very high electric fields of about 10/ 


volt/m, usually present in biological membranes, leading to very 
strong polarization of the materials in them. 


491 


492 H. FROHLICH 


Biologically the term "life-cycle" already indicates a crude 
periodicity in biological dynamics, though here, each particular 
case exhibits individuality prohibiting the exact reproducibility 
of a period. 


We shall take a vast step and assume that coherent excitation 
of electric vibrations in a large range of frequencies play an 
important role in biological activity. Modern physics offers this 
type of excitation arising through nonlinear interactions, with the 
necessary energy supplied, in general, from metabolic processes. 
Thus while supply of energy to a material usually leads to heating, 
coherent excitations may arise if certain conditions are satisfied. 


This point of view was first presented more than fifteen years 
ago (2,3). It has led to far reaching consequences which stimu- 
lated a great number of experiments (review up to 1979 in (4). In 
a recent meeting on coherent excitations in biological systems 
(5,6) the assembled physicists and biologists have arrived at the 
conclusion that coherent excitation had now been shown to be an 
intimate feature of biological activity*. 


COHERENT EXCITATIONS 
Three types of coherent excitation have been proposed: 
A. Coherent excitation of a single polar mode. 


B. Excitation of a metastable highly polar state; this 
includes solitons. 


C. Vibrations arising from more complex processes and giving 
rise to limit cycles or Lotka-Volterra oscillations. 


All three involve essentially nonlinear processes. 


Frequencies of type, # processes in membrane vibrations have 
been estimated in the 10 Hz region; this corresponds to the 
frequency of millimeter waves. Both, higher and lower frequencies 
of polar modes in biological molecules, and larger systems, do 
exist and must be relevant: Such vibrations interact with the 


*Misrepresentation in this subject is fairly common. Thus in a 
recent book review in Bioelectromagnetics (December 1982) K.R. 
Foster seems to be quite unaware that experiments on the influence 
of millimeter waves on the rate of growth of yeast were undertaken 
to test the theoretical conjectures. 
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abundant cell water and thus will be strongly damped. Spectroscopy 
of non-excited systems thus shows broad bands only. Coherent 
excitation, however, as is well known from the theory of lasers, 
overcomes the damping and leads to sharp lines. 


In the type A model, nonlinear interaction of the polar 
vibrations with a heat bath under the influence of energy supply at 
a rate s leads to the transformation of a Planck distribution of 
excitation at frequency s into a Bose distribution containing a 
chemical potential yp, i.e. to a replacement of hy by h(w-y)- Here 
increases with increasing s and at a critical value s_ causes Bose 
condensation, i.e. high excitation of a single mode*. 


A metastable highly polar state (B) may arise from the shape 
dependence of the electrostatic energy of a polarized material (7). 
Material deformation then must overcome the elastic energy, and the 
condition for the existence of the state B requires a certain 
softness which implies the sound velocity c to be below a certain 
critical value c_. In extended regions where the sound velocity 
may vary spatialty, those for which c < Cc, may exhibit the excita- 
tion. 


Excitation of type C involves the consequences of A and B and 
will be discussed below. 


Excitation of a metastable state (B) requires a single appro- 
priate energy supply. Excitation of coherent vibrations, however, 
as mentioned above involves a rate of energy supply s above a 
critical s_. When the existing s is just below s_ then small 
further supply at the rate S78 will induce the excitation. 


It must also be pointed out that the frequency of the excited 
vibration need not be exactly reproducible. Assume an ion to be 
attached to the vibrating region in some cases but not in others. 
Through electrostatic interaction it may lead to a small shift in 
frequency through which in course of the nonlinear excitation may 
be stabilized. Also, nonlinear interaction may induce the fre- 
quency shifts which depend on the degree of excitation. 


CONSEQUENCES 


Coherent excitation of a single polar mode (A) leads to 
frequency selective long range interaction between systems with 


*Extensive theoretical work in this direction has been carried out 
by Bhaumik et al., Mills and Wu et al.; quoted in (4). Regrettably, 
very faulty theoretical work has also been published in this field. 
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vate? frequencies; in biological membranes this will be in the 

Hz region, but higher as well as lower frequencies, origi- 
wating in other cell structures, will be expected. Such inter- 
action may lead to selective attraction (or repulsion) of systems, 
to other control of their activities, and to communication within 
and between cells. It will be noted that electrostatic long range 
interaction is screened through counter ions. 


Excitation of the metastable polar state (B) may lead to 
storage and transport of energy. It could represent the active 
state of enzymes and through the high internal field lead to a 
reduction of activation energies. It could also be effective in 
transporting energy from protein to protein. An array of proteins 
dissolved in a membrane would thus act as the energy transporting 
network postulated by current thinking (8). 


The excitation discussed here may be switched on or off 
depending on the supply of energy at the appropriate time and 
place. In general this energy will arise from metabolic processes 
(or light in case of photosensitivity) and must be regulated by a 
control system. In the case of excitations A the energy must be 
supplied to the band of polar modes. According to the theoretical 
model, the system possesses storage capacity, and a certain time 
will be required to effect the excitation even if the rate of 
supply s exceeds the critical one, s>s.. At this stage the 
system becomes sensitive to interference from the outside. When 
the relevant band of frequencies is in the microwave, in particular 
in the millimeter wave region, then low intensity external radia- 
tion may cause large biological effects as the switching on of the 
excitation depends on s in a steplike fashion. 


Such effects will be noticeable whenever the externally 
applied frequency falls into the band of polar modes. When a 
coherent mode begins to be excited, however, then energy appli- 
cation at its frequency will be more effective. Biological effects 
dependent on resonance must be expected. The external radiation 
then acts as a switch. It will be effective at certain periods of 
the biological development only. 


The selective attraction arising in excitation A may play a 
crucial role in multienzyme processes. Assume enzymes to be 
spatially organized as discussed by Clegg in (6). Then some of the 
energy liberated during the enzymatic process may be used to cause 
excitation A in substrates which then will attract other sub- 
strates. This leads to an increase in available substrates and in 
turn to an increase in the rate of enzymatic processes which 
decreases the number of substrates. A typical Lotka-Volterra 
oscillation arises - characteristic of our type C of coherent 


COHERENT EXCITATIONS IN BIOLOGICAL SYSTEMS 495 


oscillations. More complex situations may arise leading to limit 
cycles as discussed in these proceedings by Kaiser. Further conse- 
quences are also discussed by Del Guidice. 


Such excitations may also be sensitive to external vibrations 
which might, by relatively weak supply of energy, liberate the 
stored energy and thus cause large biological effects. 


EXPERIMENTS 


Existence of three types of coherent excitations: A) a 
coherent single mode; B) a polar metastable state; C) a periodic 
activity arising from A and B, arises as the main conclusion of 
theoretical considerations. Detailed mechanisms might well differ 
considerably from the particular theoretical models; they might in 
fact be different in different cases. 


Relevant experiments have been discussed in reference (6). 
They refer to the attraction of nutrients to a cell - similar to 
the attraction of a substrate as discussed above. The excitation 
is measured through non thermal excitation of anti-Stokes lines in 
Raman effect (Drissler et al. in (6). Rowland (6) gives evidence 
for the mutual attraction of blood cells satisfying the require- 
ments of the theory. 


Several contributions are related to biological effects 
arising from irradiation by very low intensity millimeter waves. 
Attempts to interpret these in conventional ways, e.g. in terms of 
the field turning a protein, are quite oyt of place as they would 
require (9) intensities of millions W/cm' when experiments use 10 
mW/cm™ or less. 


Experiments conducted so far do not permit specification of 
the particular biological process on which electromagnetic fields 
act. Although recently important evidence in this direction has 
been obtained, the experiments will have to be continued to 
establish this evidence. For example, extremely sharp frequency 
dependence of the influence of millimeter waves on the rate of 
growth of yeast have been reported by Grundler et al. (6). They 
find the step-like intensity dependence required by the theory. 
Apart from a very sharp resonance in the region of 41700 MHz, the 
frequency dependence exhibits a fine structure of about twenty 
minima and maxima, spaced at /-8 MHz. It is tempting to interpret 
the basic line in terms of a type A excitation with the low 
frequency arising from processes of type C which require a type A 
excitation. With very sensitive instrumentation, carried out in an 
electrically screened laboratory, C.W. Smith and A.H. Jafary have 
measured very sharp emission in the 7-8 MHz region from single 
yeast cells. They occur during the period of cell division only, 
and last only about 3 minutes. The frequencies are not always 
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exactly the same, but this should be interpreted in terms of 
individuality as discussed in reference 2. We should conclude that 
the excitation is closely connected with the highly organized 
processes occurring in cell division. 


Long range interaction may also be expected relevant for the 
control of cell division, important in the cancer problem (4) IVD). 
Experiments on growing tissue cultures would, therefore, be highly 
desirable. They do require, however, development of new experi- 
mental techniques. 
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ABSTRACT 


The effect of changes in the general photon distribution 
on the (infrared-active and Raman-active) vibrational spectra 
and emissivities of a system of harmonic oscillators is examined. 
An application is given to the Bose condensation of photons, 
postulated in the FrU¥hlich model for in vivo biological systems, 
and its consequences for their millimeter-wave and far-infrared 
vibrational spectra and vibrational emissivities. Implications 
of the analysis for the interpretation of such spectra are 
discussed. 


INTRODUCTION 


The spectroscopic properties of in vivo biological systems 
are determined in part by the (time-invariant) equilibrium systen, 
analyzable in terms of those of ordinary molecular fluids, and 
in part by non-equilibrium, steady-state (time-variant) subsystems 
whose analysis may require entirely different constructs. One 
aspect of such an analysis is the contribution of these subsystems 
to the vibrational spectrum of cellular systems in the millimeter- 
wave and far-infrared region. We examine the detailed spectroscopic 
properties of the model due to Fr8hlich (1,2), and the extraction 
of biophysical information from such spectra. 


THE PHOTON DISTRIBUTION FUNCTION 
For a molecular system with a set of energy levels m,n,..., 
interacting with a photon energy density, per unit frequency 


interval, p Win)» [ erg cm ~ sec ], at the (angular) transition 
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frequencies, W__, the,rate equations for the distribution of 
molecular systems cm ~~, N.? over the states m are given by: 


Vn * 


~ Nn [ 7 an pla, J t 2. N. [ hom u Sinn Ol Wenn) I 


ném hem 


mel iL, --. (1) 


Here, the terms B_ are the Einstein coefficients for the photon- 
induced processes ( induced absorption and induced emission ) 
among the states m and n, and A are the Einstein coefficients 
for spontaneous,emission. In general (3): 


3 
Maem ° Un / 42 2) Win Yvon Q) 


0 Winn) = (Anse Bann? (Mya) » 


(3) 


where n@__) is a (dimensionless) distribution function of photons 
over frequencies W The velocity of light in vacuo is given by c, 
and f = h/2r, where ’h is the Planck constant. Thus far, no 
assumptions have been made concerning the number or the nature of 


the energy levels of the system, or concerning the form of nw): 


In the case of a two-level system, (m,n), Eq. (1) reduces to: 


N . Ne L Bim 0 (Wm) | + Nt b nom + B mn 0 (wy) } 


. (4) 
At steady-state conditions, N =0, Eq. (4) leads to a simple 
relation between the molecular-system distribution and the photon 
distribution: 
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Noe K Jove Loni, | 


(5) 


CH= Nad = Mg LY OMI Ng) T= Ny BY (2 mp) 1 


(6) 
Eqs. (5) and (6) express a fundamental property of the two-level 
system: as the number of photons of frequency W_ increases, the 
numer of molecular systems in the two levels m and n become equal. 
few ) is a Planck distribution for the photons, as expected 
for equilibrium systems, at a temperature T: 


i Wyn /KT ; iy 


n Winn! = 1 CW mn) 
(7), 


and there obtains a Boltzmann distribution for the molecular system: 


CH Mg) = etion [HE 


(8) 

Here, K is the Boltzmann constant. 
Although for the multilevel system appropriate to this 

treatment, one must strictly use the coupled equations, Eq. (1), 
the behavior of the two-level system serves as a guide, via Eq. (5), 
in exploring the consequences of general photon distributions, 
n(w_), other than the Planck distribution. In particular, the 
steady-state boson distribution arising in the FrUhlich vibrational 
model (1,2) for in vivo cellular systems may initially be examined 
in this fashion. For first-order and second-order exchange processes 
between the non-equilibrium subsystem and the remainder of the 
system, nw) takes on the form (2): 


si IAT ye 
ny) , - | a, -\ | L)+ S/o) 


(9) 


and: 


nny) = 1 l+ 0, | | - waa) [Min ear 7 |" 


(10) 
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Here, k denotes the k'th vibrational mode, with a frequency 
Won Wy, > (mev,, n=v, +1), and a,=(S,/S)(b/y), S = 2, S,. For 


S,=A=0, a Planck distribution results from Eqs. (9) and (10). 

The pumped system, S,%0, in the absence of non-linear terms in 

Eq. (10), i.e. M=0, is represented by Eq. (9), a Planck-type 
distribution modified by the multiplicative factor (1+ S /o). 

In the presence of non-linear exchange between the subsystem and 
the remainder of the system, My0, and for S)S,, the complex 
situation represented by Eq. (10), one may write for the 
lowest-frequency mode W), ; which exhibits the Bose-type condensation 
of photons: 


fim = n(w) = _ | + a \- yy 


Yaw, - m)/AT «| 
$75, < N(S T) 


(11) 


Here, N(S,T) = 2 nw, ) is the total number of photons in all 
modes k. As # approaches closely to fiw, » the number of photons 
in the lowest mode increases inversely with the term (hw,-#). 
In the limjt, (4w,/KT) « 1, appropriate if w, lies well below 
~ 200 cm (~6000 GHz) at a temperature of the equilibrium 
system at w~ 300°K, Eq. (11) simplifies further to: 


CY 
T 
n(w,) {Ato 6 NET) 
wd, - fA 

(12) 
The salient difference between Eq. (12) and the low-frequency 
limit, (hw, /4T) “1 of the Planck distribution, Eq. (7), 
n’ (ui, ) = (KT /fw, ) ; lies in the magnitude of mm, fiw,» MA0, 
the measure of the non-linear interaction terms in the FrUhlich 
vibrational model. As Ci w,—m) /KT-0, nWW,) rapidly increases 
with decreasing (hw -m)/ ~ *T. As a result, for the molecular 
System bridged by the photons W,, causing the transitions 


vv tH, one has from Eqs. (5) and (12), in the two-level 
approximation. 


My, My at Lvs ap)! 


| | (13a) 
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and: 


(K- Myd = - MW, lo +( cass ’ 


(13b) 


For the vibrational modes k#1,W,>W,, in the FrUhlich 1 model, 
Eq. (10) applies. For those modes for which W Ne = (p/t), 
this implies a Planck distribution, modified by a k i tiplicative 
factor, (1+a, p/kT) ; concomitant with the Bose condensation for the 
lowest-frequency mode, W, ; namely: 


fim n(w) = 14 af yy /AT - 1" 


Gnu, - M)/ 47 << | 
97S, (14) 


Eq. (14) is consistent, via Eq. (5), with a molecular-systems 
distribution: 


; ° Oh, 7°! Mw [47 Qa 
Mom Mar Die ee | Sf | 
(15) 


To the extent to which 0<a pt, the high-frequency modes are 
representable by a modified Boltzmann distribution, in marked 
contrast to the prediction of Eq. (13) for the lowest mode, k=l. 


The foregoing considerations have been based, subsequent to 
Eq. (4), on the characteristics of the two-level system. 
Actual molecular systems, with rare exceptions, are multilevel 
systems, as are those appropriate to the Fr¥hlich vibrational 
model. In spite of this, the assumption usually made in the 
elementary analysis of spectra, is that the behavior of multilevel 
systems is predictable by a concatenation of (uncoupled) 
two-level systems, tractable by Eq. (4). It is of interest to 
relax this restriction in the present application. If the set of 
harmonic-oscillator systems in the Fr¥hlich model is mechanically 
uncoupled (1), the problem reduces to that of the separate 
multilevel systems, v,=0,1,2, ... Ultimately, for characterization 
of the spectroscopic properties of this multilevel, multimode 
(k=1,2, ...%) system, we shall require the total number of molecular 
systems cm ~ ina state Vy? irrespective of their quantum numbers 
in the other modes, V45 namely: 
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q#\ V,=0 
(16) 


where Nw 9Vi9ee+V.9e0V, 5--v ) is the molecular-system distribution 
function “in a completély specified vibrational state. Initially, 
it is necessary to examine the separate multilevel systems, Viet 
For a non-degenerate harmonic oscillator, with vibrational states 
VV, =0,1 525665 Eq. (1), in the harmonic-oscillator, linear 
dipole-moment approximation reduces to: 
Noe - Nv, LB va pi i) + Bevel Q(t.) + Aviyy J 


+ WN 


V+l L Avatay T Sua >V g(t) y) } 


+N, Bla p (ayy) 
¥=0,1,2, 


(17) 


Although this approximation, limiting photon-induced transitions 
to those between adjacent states, vésvt+l1, is not rigorously 
correct for any real system, its employment in inquiring about the 
overall population statistics will not be unduly restrictive. 
Making use of the relations expressed by Eq. (4), 


A ovvet v An 
Woe = W ; 
Vy k (18) 
where A 


is the Einstein coefficient for spontaneous emission 
between the states 1-40 and n (to, ) is the generalized photon 
distribution function, one obtains, after some manipulation: 
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No Avo | nly) v N. - [ nl) live!) + v] N, 


V 


+ [14 n(w,) J (y41) Nv 


\= 01,2, nee 
(19) 


For steady-state conditions, N =n(w, )=0; in consequence: 


Moe Lttva nfo) +0 L 04) Lis nla yy t vinta) af 


V=20,1,2,.. (20) 
Because of the highly restrictive nature of the selection rules 
implicit in Eq. (17), one finds for Eq. (20) a solution for the 
molecular-systems distribution closely resembling that in 
the two-level approximation, Eq. (5); namely: 


aA aE Enfayyy" 


WV 

Y V+4 

ee (21) 
3 N, at 


For a constant total number of molecular systems cm 


steady-state conditions, W=0, 


= py . 
vA { 1+ [n(u) | =A 114 nluy] 


(22) 
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The vibrational partition function, 9,, for the generalized 


photon distribution n(w,)>» and for a mode degeneracy, g,-1.253; 
is given by: 

S , 4. 

V=0 K 

k (23) 


where g(v,) is the degeneracy of the level v, (5). Eqs. (21) 

and (23) permit one to write a_general expression for the total 
number of molecular systems cm ~ in the level VE of the multimode > 
system from Eq. (16), 


cy 
Ns + av, ) {14 Luli} 


uF , 
(24) 
For the Bose-condensation distribution, Eq. (12). Eq. (23) 
becomes: 
- a T Q 
T t (Ww) Le 
@ = | (ST th |" = | 4a | 
Tw, - fr hw, 
| (25) 


In the last term of Eq. (25), T may be interpreted as a 

ep eae . eff 
(fictitious) effective temperature for the non-Boltzmann 
distribution on the molecular subsystem in mode W.,. For (A Wp) 0; 
T pe )» T, the (actual) temperature of the remainder of 
the motecular system. Eq. (16), applied to the lowest-frequency 
mode W,, becomes, via Eqs. (12) and (24): 


Y uy [ree] | 


W, 
41 + a, 


H2 


(26) 


If the approximation h /KT) 1 is not valid, Eq. (11) must 
be used to develop equations analogous to Eqs. (23) and (24). 
For n(@W,) a Planck distribution, Eq. (7), Eq. (20) takes on 
the form (6): 
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w= UT (vad) -, ev E (ved Me * ve M, 


| Ve 0,1,2,-.. 


and Eq. (21), with x 


(27) 


k defined as i w, /kT) reduces to: 


ay 


Onset of the Bose condensation in the nonequilibrium subsystem(s) 
leads to conversion of the term n(W™,) from a Planck distribution 
to a distribution of the form given by Eqs. (10), (J1) and (12). 
Excitation of the Bose condensation, in a coherent mode in cellular 
systems, is postulated (7-11) to have fundamental implications for 
cellular biophysics. We wish here to examine further its implications 
for the detailed spectroscopic properties of the nonequilibrium 
subsystem(s): (i) the contribution to the total attenuation function 
a(W), (ii) Raman-spectroscopic transitions, and (iii) the 
contribution to the emissivity. 


THE ATTENUATION FUNCTION 


The total subsystem attenuation function o&(Av, =1) [ neper om ] 
due to all the fundamental vibrational transitions, v @v,tl, for 
a nondegenerate harmonic oscillator, in the strict harmonic- 
oscillator - linear dipole-moment approximation, is given by (12,5): 


a( Ay =1) = > x(y vy +t) 
V,=6 
a Mah 2 = Ma) Oye) 


K 
£0 (29) 


Here, Mp3 k is the dipole-moment matrix element for the transition 
Of 1. In order to assess the effect of the redistribution of 
molecular systems among the states v,, due to changes in the 
general photon distribution function n=n(W, ), on o&(Av, =1), we 
require evaluation of the sum on the rhs of Eq. (29, Employing 
Eqs. (23) and (24) for this multilevel, multimode system, one 
obtains: 
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= WV = “Vy 
a =| = 
J. | Mo My a) yet) = 6 (l4n) 2 Dien] (y+!) 
v= K k-0 
= N (30) 


since,@,=(l+n), and the sum in the second term of Eq. (30) is 
(l+n)”. As a result, from Eqs. (29) and (30): 


a 
a (dv, =!) : a N Wy Moly # { f n(w,) J 
(31) 


Thus, in the harmonic-oscillator linear dipole-moment 
approximation, the total attenuation function, which has 
contributions from absorptive and from emissive photon-induced 
processes, is unaffected by alterations of the general photon 
distribution n@,)- Extension of the arguments embedded in 
Eqs. (29) and (30) to degenerate harmonic-oscillator systems, 
g, =1,2,3, does not alter this conclusion. The invariance of 
at AY =1) is a consequence of the highly restrictive selection 
rules embodied in Eqs. (20) and (29), the fact that all the 
allowed (fundamental) transitions occur at the same frequency, 
W),,» and the dependence of the transition probabilities on the 
vibrational state v,. For the multilevel system appropriate to 
the Fr&8hlich model, ~ while n(w,) ») 1 reduces the population 
differences in Eq. (29), the concomitant increase in the 
transition probabilities v,4pv,+l, as molecular systems are 
pumped into excited vibrational states, exactly balances 
the effect of this reduction, in the sum of terms (Vv, Vv, 
and renders &(Av,=1) invariant to changes in nw). 

This is in contrast with the properties of a two-level 
system, which exhibits saturation, with X(v, Vv +1)—»0 as 
n(W,) >» 1. Thus, to first order, the onset of Khe Bose condensation 
in the Fr8hlich vibrational model will not affect the contribution 
to the total attenuation function of the fundamental vibrations, 

in any of the modes, k, of the nonequilibrium subsystem(s). 


+1), 


While the strict harmonic-oscillator linear dipole-moment 
approximation limits all photon-induced vibrational transitions 
to fundamental vibrations, non-linearity in the dipole-moment 
function, even if the vibrations are mechanically harmonic, is 
associated with the existence of overtone vibrations, VS, ti 
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j,=2,3,... Contributions to a(wy) from overtone vibrations may be 
formally represented by: 


00 
; = 
Vy= 0 
\ 00 
yr oS . f 2 
Sy »O Wea) CH = Ny gs IM, vga! 
she k k’ Jk kak” x 
Vyr0 (32) 
Here, the overtone frequencies W(v, ,v,+j,) are approximately 
. . . 1s k° k ~k ae 
given by q) j,, in the limit of small anharmonicities. 
The dipole moment matrix elements |M . have been estimated 
vi vt5l 


in terms of a simplified model (13), and are given, to the same 
approximation, neglecting mechanical anharmonicity, by: 


4, 2 
MM yaal > Mos! (ysl (yt) (a 1)" 


(33) 


They increase, for a given j,, by a factor [vy ti) f(y). 

Exact evaluation of the sum on the rhs of 

Eq. (32) would require recomputation of the population distribution, 
Eq. (1), including the overtone transitions m=V, €3n=(v, +3,) 
disallowed in Eqs. (19) and (20), in terms of the 
matrix elements Mo 3 | » which are not known for the complex 


molecular systems being considered here. The appropriate equations, 
generalizations of Eqs. (19) and (20) would further contain all 

the photon distribution-function terms in the vicinity of each of 
the frequencies W, j,, j =2,3,...Qualitatively, arguments similar 


to those given for the fundamental transitions should apply 

to overtones, and ad(Av,=j,) is expected to be insensitive to 
alterations in nW,j,). Neglect of the effect on the population 
distribution due to the photon distribution at overtone 


frequencies is justifiable a fortiori in situations, as in the 

Fr8hlich vibrational model, where the fundamental-frequency term, 

n(W,); is'expected to outweigh all others, i.e., n(wW, ) >> n(W, 5.) > 
i, FwW,- 

Wd, FW, 

Experimental determination of the fundamental and overtone 
transitions, o&(dv,=j,), k=1,2,... , would provide the frequencies 
Oe if proper assignments can be made to the vibrational modes 
of the subsystem(s). However, to the approximation investigated 


here, attenuation measurements provide no information about the 
other parameters of the FrUhlich model, nor do they monitor the 
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onset and/or collapse of the Bose condensation. While accurate 
measurements of the attenuation function of the dissipative 
subsystem(s) are impeded, particularly in the millimeter-wave 
and far-infrared region, by the dominance of absorption by the 
remainder of the molecular system ( especially H,O(1) ), 
millimeter-wave absorption measurements (14) are in accord 
with the predictions of Eq. (31). 


RAMAN INTENSITIES 


The invariance of the attenuation function with alterations 
in the photon distribution function, as the subsystem is driven 
from equilibrium and experiences the attendant redistribution over 
states of its molecular systems, arises from the specific form of 
the detailed balance of the interlaced absorption and emission 
processes among the states of the harmonic-oscillator systems. 
This invariance is not expected for processes which depend on 
the separate sets of upward or downward molecular transitions, 
VioaV Ta and Vi td FY» respectively. Such processes are 


inelastic scattering in the vibrational Raman spectrum and the 
vibrational emissivity. The absolute intensities of a set of 
downward (anti-Stokes) and upward (Stokes) transitions, v,+j, ->v 

. . k~k “ k 
and Vio Y, tI, are given by (15,5): 


T . 
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Here, @& is the frequency and I, the intensity of the exciting 


line, and “yoy +5, | is the matrix element for the induced 


dipole moment. If it is assumed, as in the above, that deviations 
from mechanical anharmonicity are negligible, all the frequencies 
ta tay, oy tH,)1 [ w ot 45,1 » and the total Raman intensities 


o 
We < ° 
T( w+ way) oo £4 Cura) Z Ma tM Lae 
V,z0 
(35a) 
and: 
°° 4 
Sqr kN : 
T (tg 494) ga Tob Mo- yay) My Maat 
‘ VY =-0 
K 
(35b) 


As in the case of the attenuation function, the population terms 
Nv, and Wv,+j, are given exactly by an equation of the type of 
Eq. (1). If we assume, as in the above, that only fundamental 
photon-induced transitions are important in the calculation of 
the N,, » Eq. (24) may be employed, with gl in conjunction with 


Eq. (35), to give for the total Raman intensities of the anti-Stokes 
and Stokes lines, respectively: 


Tw, + Wey) 
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(36b) 


The anti-Stokes to Stokes Raman-intensity ratio is seen to be 


independent of the form of the matrix elements |P . 
VV t5, » and 
to be a function of the photon distribution n(w,) 5 namely: 
G : -| ° 
LW, + 49,) is “9 
L Wot &y Ix) = b,. 11+ Ln(a,JJ k 
1 (wo -te: kA 
Wy ~ Wyo) 
(37) 


As in the case of Eq. (31), Eq. (37) holds also for degenerate 
vibrations, g,=1,2,3. In the limit, nW,)>> 1, the Raman-intensity 
ratio approaches unity, since, in a typical Raman experiment, 

w= 20000 cm , Wo» wi,» and b, = 1, where: 


k 
b ga Mt) (Ww i,) + 
For the lowest-frequency vibration in the FrYUhlich vibrational 


model, Eqs. (11) and (12), one obtains from Eq. (37): 
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In Eq. (38), the first approximation ( line 2 ) assumes, 
(hu, /KT) 4< 1; the second ( line 3 ), (a4 p/4T) « 1. 


For po, Eqs. (10) and (37) reduce to a Boltzmann-type 
intensity ratio: 


oe | 4b -DyX 
Tw, +Wy9,)/ L (W.-W, 94) * by. ¢ (39) 


For k#1, Wd2W, = (WA) » the Raman intensity ratio may be 
computed employing Eqs. (14) and (37): 


T(i, + bird 


y = 
we = hy (14 \ (chs Sy 
“a {,. ; ky k Qk 4 
T (Wi, ~ W,3y) 7 \ 

(40) 


If the inequality cited immediately above does not hold, the 
Raman-intensity ratio for a mode k is given by Eqs. (10) and (37). 


Eqs. (37), (38) and (40) provide an experimental avenue 
toward the evaluation of the parameters Ia and a, in the Fr&8hlich 
vibrational model, if the frequencies W|,, and hence the j,'s, 
can be assigned. While the Raman-intensity ratios for the modes 
k#1 are not expected to change dramatically as hw, - a) /kT—> 0, 
the Raman-intensity ratios for the lowest-frequency mode, k=l, 
internally pumped by the Bose condensation of photons in W,, 
should show a major alteration in this ljmit. This has been claimed 
to occur in the low-frequency ( < 200 cm) Raman spectrum 
during certain temporal phases of cell growth in E. coli (16). 


THE VIBRATIONAL EMISSIVITY 


From Eqs. (2) and (3), the photon energy density, per unit 
frequency interval, at a fundamental frequency W) of the subsystem 
is given by: 


elu) = Ch/n?ch) wy nv) 
(41) 


The emission intensity ( or radiancy ), R@®,), [ erg om” sect J 
i.e. the photon energy emitted across a unit surface area, per 
unit time, into a solid angle of 2ff steradians, is related to 

Q (a) by (17): 


BLO) = GeIND gla = CHP) oh ml) go 
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The emissivity, t(w,), defined as the ratio of the actual 
emission intensity to that of an ideal blackbody at the same 
temperature, then is, at the surface of the emitting subsystem: 


Cu) = TRwI/ RU) = Lnlu) / nwo] wo 
3 


Here, R° (w,.) is the radiancy of an ideal blackbody, and n (Ww, ) is 
the Planck distribution, Eq. (17). 


For the Bose-condensation conditions appropriate to Eqs, (11) 
and (12), the vibrational emissivity, &(W,), at the frequency W 
in situ of the subsystem, is given, to th 
as that pertinent to Eq. (38), by: 


Hod = (So) Ce =) brea (oh) > | 


e same approximation 


Y | AT + On x, 
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| Aw, | 

hud, AA (44) 
In contrast, the vibrational emissivities at the frequencies We» 
k#1, are, according to Eqs. (10), (14) and (23): 
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In Eq. (45), the first approximation ( line 2 ) assumes, 
WW, = Ci/m); the second ( line 3 ), x, « 1; the third ( line 4 ), 


(aw MT) 1. 


For Aw — pr) /KT <1, the emissivity in situ of the 
nonequilibrium subsystem, €(W,), has a maximum at &W_, directly 
proportional to the ratio (fw, / aw - P)] . Experimental measurement 
of the radiancy R@,), which brovides the emissivity term E(w, )» 
in principle would determine both W, and the magnitude of sk, 
via Eq. (44), and analogous determination of the quantities R(w, ) 
calibrates (a /kT). However, several circumstances conspire 
to impede measurements of the emissivity contributed to by 
the subsystem(s), in a typical biological context. The total 
concentration, and hence the surface area of the subsystem(s) 
may typically be very small, in comparison with the total system, 
which will contribute roughly a blackbody background. Furthermore, 
it is not known what are the widths of the emission lines, and the 
experimental variable, RW) > Eq. (42), is more generally given by: 


lw) = elu) Ww) = Chante) uy nto) Dw) “46) 


Here, D, (W) is an emission bandshape function. The greater the 
halfwidth of D, (w) the more difficult is it experimentally, for 

a given signal-to-noise ratio, to discern the features of €(o, ) > 1, 
in the presence of the background contribution due to the 
remainder of the system. Similar considerations concerning the 
concentration and the line-width apply, of course, also to the 
subsystem contribution to the attenuation function and the individual 
Rama intensities, Eq. (36). Finally, forW, in the range 

1-10" cm ~, the attenuation function due to the total system is 
typically very large, of the order of 10-10" neper/cm, and the 
emission intensity of subsystems in the interior of a cellular 

system may be strongly attenuated in its passage through the 

total system. Strong attenuation of the Raman-scattering lines 

at (@ +03 ) is not expected. The details of this effect depend 

upon o~ the spatial distribution and local concentration 

of the emitting system, and the dielectric properties, at the 

same frequency, of the total system. For a homogeneous distribution 
of subsystems and a homogeneous total-system attenuation function, 
X(O,) » the emissivity at an optical depth z is (17): 


- X(W,)z 


(wy) 2) | \-e | ER(u)/ Rw) | (47) 
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For a single layer, at z, of subsystems emitting at an optical 
depth z, 


e (wz) = e [Rll / Btw) | 


Actual cellular systems are expected to be considerably more 
complex than these idealized extreme cases. 


DISCUSSION 


Of the three spectroscopic observables of the non-equilibrium 
subsystem(s), the emissivity, C(W, 5,) the Raman-intensity ratio, 


[Tw +H 5,)/T(,-W 5,15 and the attenuation function, X (Av, =i,)> 


the first would provide the most direct experimental evidence of 

the quantitative characterization of the parameters of the FrUhlich 
vibrational model: the frequency of the Bose-condensation vibrational 
mode, W_, the measure of the magnitude of the nonlinear terms, A, 

and the parameter ay: The terms X (Av, =5,) are invariant with nw) > 


hence provide no information concerning the onset of the Bose 
condensation, and preclude facile assignment of the frequencies 
Wo) - The Raman-intensity ratios,while dependent on the form of n(wW 
are insensitive to the value of j,, in the limit n(W,)>» 1, as 
seen from Eq. (37). In the strict harmonic-oscillator linear 
dipole-moment approximation, only the fundamental terms (Av, =1) 
occur, provided that the matrix elements in Eq. (31) are non- 
vanishing. Although the general theory of the (Raman) induced 
dipole-moment matrix elements [Pu | (18) is computationally 


Oe 


VTS, 
intractable, the polarizability theory of the Raman effect (19) is 
consistent with the same selection rule, Av, +1, if a linear 
polarizability function is assumed. In fact, vibrational Raman 
spectra rarely show overtone or combination bands, unless these are 
made active through Fermi resonance with another vibration of the 
same symmetry species. This is in contrast to the not infrequent 
occurence of these transitions in the infrared-active vibrational 
spectrum. However, this empirical rule, which tends to imply 
stronger linearity in the polarizability function ( with respect 

to the vibrational displacement coordinate ) than in the dipole- 
moment function, applies principally to group vibrations of a 
molecular system. The vibrational distortions implicated in the 
model encompass very large molecular systems, and their 

properties are not as well characterized as the normal modes of 

a simple molecular system. Strict transfer of these findings for 
molecular systems would suggest a single Raman-active fundamental 
transition, provided the matrix element [Po ilk » Eq. (36) with 

. ° ° ° ) a 

j, 1; is non-vanishing, for each mode k. Observation of the 
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lowest-frequency mode, its dependence on (time-variant) cellular 
activity and its attendant alteration in n(W,), would then, in 
principle, assign the frequencies W,. Apart from the question 

as to whether these selection rules apply strictly to the complex 
systems of interest here, this procedure is impeded by the fact that, 
in the limit of low frequencies, x, «1, the Raman-intensity ratio 
provides no basis for differentiation for a given experimental error 
in intensity measurement, between the (equilibrium) Planck 
distribution n (Ww) and a non-equilibrium distribution with 

n(@,)>> 1. In consequence, characterization of the Bose condensation 
by the Raman-intensity ratio is the more reliable the less 
stringent the inequality, x, « 1. Thus, the experimental 
demonstration of the Bose condensation via the Raman-intensity 

ratio is as yet of a preliminary nature. In particular, it is 

not known what relation the reported spectra (16) bear, if any, 

to the highly frequency-selective biological response functions 
(20-22) that have been reported in the millimeter-wave region. 


Certain of the experimental and interpretational problems 
attaching to these investigations have been discussed in some 
detail elsewhere (23-25). Raman spectra of in vivo systems (26), 
demonstrating the appearance of Raman-active transitions in 
photosynthetic bacteria, have been described, attributing these 
transitions to the formation of supramolecular systems active 
in the photosynthetic process. General non-equilibrium 
statistical-thermodynamic criteria can be adduced (27) to obtain 
and analyze the boson ( photon and phonon ) distribution function, 
of the form of Eq. (10), which accompanies the onset (fry ) of 
non-equilibrium thermodynamic processes in the dissipative 
molecular subsystem(s). 


A single emissivity term, €(W,), Eq. (44), is predicted 
to exhibit behavior saliently different from all the others, 
on )> k#1, each of these being essentially blackbody terms, 

(wy & = 1. In consequence, £€(W,) ?? 1 directly defines the 

te otenode frequency, W,, and the magnitude of ,» the crucial 
parameter in the reBi ied model. For the other modes, k#1, 
E(w, ) in principle provides information concerning the products 

- In spite of the experimental problems concerning the 
determination of the emissivity of the nonequilibrium subsystem(s) 
discussed in the above, this experimental variable would appear 
to provide the most direct route to the quantification of the 
model. In general, direct spectroscopic determinations of the 
millimeter-wave and far-infrared properties of in vivo cellular 
systems possess the not inconsiderable advantage of providing 
biophysical information at the systems level, while global biological 
endpoints are intrinsically integrative effects, not currently 
susceptible of direct analysis. 
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SPECTROSCOPIC STUDIES OF NERVES 
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ABSTRACT 


Light-scattering techniques were used in studies of nerves, 
both at rest and at different levels of steady-state polarizations. 
The techniques employed quazi-elastic autocorrelation, Raman and 
infrared spectroscopies. Observations were made on the walking leg 
nerves of the lobster (Homarus americanus) and the connectives 
between the cerebropleural and buccal ganglia of a sea slug 
(Pleurobranchaea caltforntca),. Autocorrelation spectroscopy 
indicates that the scattering particles are time-independent. The 
properties of the autocorrelation functions are related to the 
degree of applied polarization and indicate a change in the 
scattering diameter as a function of the polarization. Raman 
Spectroscopy indicates vibrational bands which closely resemble the 
Raman spectrum of ribonucleoprotein complexes. Infrared spectrum 
from a denatured nerve system is similar to the one obtained by 
Raman spectroscopy and indicates phospholipid structures. Influence 
of probe dyes on nerve systems were examined and changes were 
reversible. 


INTRODUCTION 


During the past years, conceptualization of the cell membrane 
has increasingly emphasized the membrane's dynamic fluid model in 
which metabolically selective molecules are dispersed or incorporated 
into a membrane matrix. This conceptualization has been proven by 
a great body of experimental data, and, in turn, has provided a 
number of new techniques in studies of nervous systems. Current 
and voltage noise spectra2»3»4 have yielded considerable information 
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about the selective ion gates of neurons. However, traditional 
electrophysiological techniques have been based on invasive aspects 
of the microelectrodes. Light, as a molecular probe, has been used 
in studies of nerves.>6 with an aim to provide physical and chemical 
information concerning molecular behavior in the neuroplasm and 
membrane. 


Spectroscopic studies of nerves have used quasi-elastic light 
scattering (homodyne and heterodyne) and are of particular interest. 
By using these techniques, Shaw and Newby,’ and then Piddington and 
Sattelle,® first obtained evidence of possible cytoplasmic motion. 

In studies of nerve axons, it was shown that light-scattering spectra 
are voltage-dependent and that the Hodgkin-Huxley formalism of 

photic noise is similar to that of voltage fluctuations. »10 However, 
there still remains a challenging task to provide an experimental 
technique for in situ and non-invasive studies which can reliably 
monitor molecular activity in a nerve membrane during its voltaic 
perturbation. 


The other important question is associated with a non-destructive 
analytical methodology which can provide information about molecular 
specificity and their activity in complexes which may constitute 
ionic gates. 


Motivated by such conceptual aspects, one can employ quasi- 
elastic and Raman spectroscopies in studies of nerve systems and 
provide some information about the action potential at a molecular 
level. Preliminary data of the quasi-elastic and Raman spectra 
obtained from the nerve bundles from the walking legs of the lobster 
and connectives between the cerebropleural and buccal ganglia of 
Pleurobranchaea caltfornica are discussed in this report. 


METHODS AND PROCEDURES 


Nerve bundles from the walking legs of the lobster Homarus 
amertcanus and connectives between the cerebropleural and buccal 
ganglia of marine gastropod Pleurobranchaea caltfornica were used 
in present experiments. The nerve bundles from the walking legs 
of the lobster contain large sensory and motor axons. The nerves 
can be readily dissected and usually remain physiologically active 
for many hours. The walking nerve neurons are surrounded by little 
connective tissue and are a standard neurophysiological preparation. 
In contrast to the walking leg nerves, cerebrobuccal connective is 
surrounded by an easily removable hemocoel and a very thin but 
tenacious connective tissue sheath that encapsulates the entire 
nervous system. This preparation can be neurophysiologically viable 
for several days after dissection. 
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Nerve preparations, dissected and isolated from muscle and 
connective tissue, were mounted in a physiological and optical 
lucite cell (Fig. 1). The cell was made with three section grooved 
to accept the nerve as it was gently laid across the compartments. 
The compartments were isolated by vaseline and then filled with 
artificial sea water. The central compartment, about 3 mm across, 
was easily accessible, and the nerve section in it was illuminated 
with the laser beam. The scattering volume was about 2 x 2 x 2 un, 
and the scattered light was usually collected under 90°. Each 
compartment was supplied with a silver chloride electrode which was 
used for electrical polarization and recording of the electrical 
Signal. Experiments were conducted at room temperature. In quasi- 
elastic light-scattering experiments, the source of light was a 
He-Ne SpectraPhysics laser, Model 124B, with a vertically polarized 
output of 25 mV at 632.8 nm. 


In Raman experiments, an argon ion laser Coherent Radiation, 
Model 4G, was employed. The radiation was at 488.0 and 514.5 nm. 
The nerve samples could be illuminated with as much as 700 mW of the 
laser output for several hours and did not show any appreciable 
change in the conduction velocity or the shape of the action 
potentials evoked by electrical stimulation of one end of the nerves. 
However, much smaller power was used in the present experiments. In 
quasi-elastic measurements, one measures the time-dependent intensity 
fluctuation of the scattered light. The apparatus consisted of an 
ITT FW 130 photomultiplier whose output was fed into an amplifier- 
discriminator and then into a 64-channel Langley-Ford digital 
correlator. The generated autocorrelation function was displayed 


Fig. 1: Experimental arrangement for quasi-elastic light 
scattering from nerves: L, laser; P,, polarization 
rotator; S, scattering chamber; N, nerves; LB, laser 
beam; We, working electrodes; P, photomultiplier; 

A, amplifier-discriminator; C and R, 64-channel 
correlator and recorder. 
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by an ASR33 Teletype and X-Y plotter. In quasi-elastic light- 
scattering experiments, one measures an autocorrelation function 
which, for a monodispersed system, is given by the expression: 


R(t) = Ae (1) 


where A is a constant and lf is a decay factor related to the 
molecular translational diffusion D and the wave vector K of the 
scattering system. 


2 


r=2DK (2) 
kK = (At) n sin = (3) 


A; n and © are the wavelength of the incident laser light, the refrac- 
tion index of the medium and the scattering angle, respectively. 


To the first approximation, one can employ the three-dimensional 
Stokes-Einstein equation and relate molecular diffusion to the radius 
of scattering particles through the expression: 


kT 


D= 67mnr 


(4) 


where k is the Boltzmann constant, T is the temperature and n is the 
viscosity of the medium in which scattering particles of the radius r 
randomly move. 


In Raman scattering experiments, the nerve fibers were illumi- 
nated from the bottom and the scattered light was collected at 90°. 
A double monochromator Spex 1400 photomultiplier ITT FW 130 and a 
photon counting system were used. Averaging techniques in a multi- 
channel mode were used with the aid of multichannel analyzer, 
Nuclear Data Model 600. 


Results and Discussion 


Quasi-elastic light-scattering data and the corresponding 
correlation function obtained from the nerve bundles from the 
lobster and Pleurobranchaea connectives are shown in Fig. 2a and 2b. 
Figure 2 (cl) illustrates also the corrleation function from a 
control experiment of 110. nm in diameter latex monodispersed spheres 
in distilled water. It is interesting to note that the correlation 
functions monotonically decay and can be best represented by single 
exponential fit as shown in Fig. 2 (a2, b2, c2). The experimental 
data obtained at constant potentials of the nerve fibers indicate 
scattering particles of uniform size. In addition, if one plots 
the decay shape [f as a function of the scattering angle, then one 
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Fig. 2: Top Curves: Autocorrelation function R(t) of vertically 
polarized light scattered from: lobster walking leg 
nerves, al; cerebropleural-buccal ganglia connectives of 
Pleurobranchaea, bl; latex 1100 A diameter spheres, cl. 
Bottom Curves: Normalized autocorrelation function 
R(t)=log[R(t)-Rp/R(o)-Rp], where R, is the baseline 
scattering level. Solid line shows the best computer 
fit for single exponential data points. Time axis, 

1 ms per channel in a and b, 50 us inc. Autocorrelation 
functions were obtained at the nerves' resting potential. 


obtains a linear relationship between [ and the scattering angle 

as shown in Fig. 3. Thus, while differences in the correlation 
functions could arise from a variety of causes, such as association 
or disassociation of particles or even their conformational changes, 
the linearity illustrated in Fig. 3 suggests that they arise instead 
solely from the diffusion properties of the scattering particles, 
and, moreover, that the size and shape of these particles at constant 
membrane potentials are time-independent. It was found experimentally 
that correlation functions are greatly affected by applied electric 
fields on the nerve samples. The correlation functions were obtained 
at different electrical potentials both in hyperpolarizing and 
depolarizing directions. Constant voltages were applied between the 
central compartment and the two adjacent ones. The Slopes of the 
correlation function are functions of the applied potential and 
diffusion constants are calculated for various potential values and 
shown in Fig. 4 for the Pleurobranchaea and lobster nerves. 


If one uses appropriate values of the parameters in the Stokes- 
Einstein equation, it is now possible to calculate a radius of 


diffusing molecules. 
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Fig. 3: YT of correlation function versus scattering angle. 
(x), lobster; (°), Pleurobranchaea. 
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Fig. 4: Translational diffusion coefficient D as a function 
of depolarizing (positive) and hyperpolarizing 
(negative) potentials; E, is resting level; (x) are 
data points for lobster nerves; (0) are for 
Pleurobranchaea. Circled points were obtained after 
nerves were bathed in 5x10 - M methyl green for 
20 minutes. Recovery was to original value after a 
12-hour wash. 
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Reported values of viscosity of 2 poisel2»13 for lobster nerve 
membranes and measured values of the diffusion constant indicate 
Scattering particles of about 9 nm in the radius. Experimentally 
measured diffusion constants for lobster nerves and connectives are 
about 10-9 cm2/s and are very well in agreement with values reported 
earlier for diffusing macromolecules in membrane systems!4, 


Moreover, the change of the diffusion constants as a function 
of the applied potential show a change of molecular size of 
6.7 nm/70 mV. This change of 6.7 nm may be closely related to the 
molecular association processes or their conformational changes most 
probably associated with the surrounding water molecules. Probe dye 
molecules have been frequently used as an optical readout in 
studies of the dynamic properties of neurons especially in recordings 
of the action potential. However, this experimental work indicates 
that considerable attention must be paid to the effects that such 
dyes can promote. Staining the nerve systems with dye molecules 
usually creates complexes which significantly perturb the original 
molecular system. In Fig. 4 are displayed changes of the diffusion 
constants for the lobster and Pleurobranchaea nerves when they were 
exposed to methyl green, 5 -10 ~ M in the bathing medium. Inter- 
action of dye molecules with the nerve molecules has a reversible 
effect and shows a change in diffusion constant equivalent to about 
60 mV of applied polarization. Other dyes, such as methyl orange 
and red, have similar effects. Though dyes as photic probes can 
be used to detect action potentials, one should be aware of their 
interaction mechanisms which may significantly alter molecular 
conductivity properties. 


While quasi-elastic scattering follows molecular hydrodynamic 
properties, one still needs information concerning specific molecular 
involvement in the action potential. To this end, Raman spectro- 
scopy appears sufficiently sensitive to provide such specific 
answers, and, most importantly, can be applied in situ and for 
aqueous media where infrared spectroscopy seriously fails. 


In Raman scattering experiments, laser excitation lines were 
at 488 and 514.5 nm. The scattering is accompanied with appreciable 
background of about 5000 counts. The spectra were recorded between 
1100 and 1900 cm'*. It was necessary to perform averaging, and 23 
scans were used to obtain the Raman spectrum from lobster nerves, 
displayed in Fig. 5a. Eight Raman bands could be resolved in the 
observed spectral region. 


An independent study of the nerve was also performed by using 
Fourier Transform infared spectroscopy. The nerve material was 
ground and deposited as a dehydrated film on silver bromide plate. 
Two hundred scans were preformed between 450 and 3800 cm-l with the 
tesolution of 2 cm~!, shown in Fig. 5b. 
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Fig. 5: a) Raman spectrum from the lobster nerve, 23 scans, 

resolution 5 cm7! and 90 minutes recording time. 

Recording at the nerve resting potential. Laser 

excitation is 100 mW at 488. nm. 

b) Infrared spectrum from casted nerve film, 200 scans, 


resolution 2 em7!, 


Similarity between these two spectra is obvious and analysis 
of the appropriate bands is summarized in Table 1. A comparative 
analysis of spectra leads to an interesting similarity between the 
spectra obtained in this study and previously obtained spectra from 
aqueous solutions of RNAL? and phospholipid-dipalmitoyl phosphati- 
dycholinel6, 


Muller and Rudin!’, and also Hyden, /® suggested involvement of 
RNA complexes in the nerve system. According to Hyden, 8 neurons 
and the glia cells are rich in RNA and may amount to from 5 to 10Z 
of their dry weight. It is quite conceivable that the large portion 
of the Raman signal is obtained from the glia cells which surround 
the nerves. Slight differences between the band positions, obtained 
in this study, and Raman bands obtained from the aqueous solution 
of RNA, may be accounted to the base stacking interactions. 


The high frequency region between 2800-3100 en! in the infra- 
red spectrum is very well in agreement with those values obtained 
by Gaber, et al. from the solid phospholipid-dipalmitoyl phosphati- 
dylcholine, indicating C-H stretches and a large content of phospho- 
lipids in the lobster nerve. 
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TABLE I 
Raman Infrared RNA Phospholipid 
(cm-1) (cm 1) (em!) 19 (enn) © 


This work 
525 disulfide stretch 


625 sec amide VI 
665 amide V disordered polypeptide 
700 


910 C-H diform. 


1138 1090 
1198 1180 1185 A.U.G.C. 
1230 
1345 _ 1323 1340 U. 
1400 
1470 1470 1484 U. 
1549 1550 1527 A.C. 
1613 
1653 1650 C-O stretch 
1684 1745 triglyceride 
7H 
2855 2849 C. 
H H 
2884 2880 Cc 
NOH 
2935 2935  C-H 
H Hi 
2961 2961 C-H 
H 4H 
3039 3039 N-C-H 


U, C, A and G indicate characteristics of the uracil, cytosine, 
adenanine and guanine bases, respectively. 
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Fig. 6: a) Resonant Raman spectrum from 510 7 M methyl 
orange in sea water 
b) Raman spectrum from lobster nerve stained by 
5-107> M methyl orange for 15 minutes and then 
washed several times by clear sea water. Recording 
at the nerve resting potential. Laser excitation 
is 100 mV at 488. nm. Resolution: 2 cm™. 


The translational diffusion data displayed in Fig. 4 have 
shown a significant change in the diffusion constant obtained from 
bathed nerves in methyl green solutions. This change in the diffu- 
sion constant suggests most probably an interaction of dye molecules 
with electrically active gate molecules in the nerve membrane. 
Similar effects were studied and observed by Raman spectroscopy. 
An aqueous solution of methyl orange shows resonant Raman effects 
when the solution was illuminated by the laser line at 488. nm. 


The resonant Raman spectrum of 5+10> M methyl orange in sea 
water solution was recorded and shown in Fig. 6a. 


One scan was sufficient to provide an intense signal of about 
65000 counts. The walking leg lobster nerve was stained for 15 
minutes in the solution of sea water with 5*107- M of methyl 
orange. Then the nerve was washed and placed in a fresh sea water 
bathing medium. Even after several washings, the nerve had a 
relatively strong yellow color, visible to the eye. The Raman 
spectrum was then recorded from the stained nerve, shown in Fig. 6b. 
Methyl orange bands at 1415 and 1423 cm7! originate from an azo 
group symmetrical stretching mode N=N, and bands at 1118, 1168 and 
1201 cm74 originate from S=0 and skeletal mt electrons. 9 These 
bands change drastically in intensity and position in the dye-nerve 
spectrum and indicate loss of resonant effect in methyl orange and 
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strong interaction with membrane molecules. Carey et al., in their 
study of methyl orange~albumin interaction, believe that dye 
molecules penetrate into protein molecules. However, diffusion data 
obtained in this work indicate an association interaction mechanism 
without penetration of the dye molecule. 


In conclusion, the applied light-scattering techniques to in situ 
studies of nerve systems appear quite promising. One can gain some 
insight into the molecular properties of membranes that might be 
used as naturally exciting probes for photic monitoring of the 
steady-state and dynamic properties of neurons in order to eliminate 
as much as possible the invasive aspects of the more traditional 
electrophysiological techniques. 


These initial studies encourage more extensive examination 
with neuron preparations that can be perfused and electrically 
clamped. 
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THE MODIFICATION OF DAVYDOV SOLITONS 


BY THE EXTRINSIC H-N-C=0 GROUP 


Scott P. Layne 


Center for Nonlinear Studies 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 


INTRODUCTION 


The molecular mechanisms which underlie general anesthesia are 
not clearly understood. First, there are two chemically disparate 
classes of pharmacologic agents to consider (both intravenous and 
volatile) which induce general anesthesia. Second, investigators in 
the field are divided into two differing camps of thought: (1)those 
who believe that anesthetics work by altering normal membrane flu- 
idity, and (2) those who believe that anesthetics work by perturbing 
normal protein function. Recently, there is growing evidence that 
the "perturbed protein" hypothesis holds greater promise over the 
"altered fluidity" hypothesis in explaining the molecular mechanisms 
of general anesthesia.! The simplest working idea is that general 
anesthetics act by binding directly to a particularly sensitive pro- 
tein, which may or may not be located in a lipid membrane, and in- 
hibiting its normal function. 


Our proposed mechanism for anesthetic activity is a particular 
model of the "perturbed protein" hypothesis. We propose that intra- 
venous agents are capable of changing localized structures within 
proteins and thereby altering normal protein dynamics. We will con- 
centrate on a specific class of pharmacologic compounds which contain 
the H-N-C=0 (or amide-I) moiety, rather than on volatile agents such 
as Halothane and Enflurane. Barbiturates, the most common intrave- 
nous agent in this class, will be the focus of attention. Our model 
also shows how several similar classes of agents called hydantoins, 
succinimides, glutethimides and urethanes are capable of perturbing 
normal protein function. 
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Questions which arise naturally from the "perturbed protein" 
hypothesis are: 1) what functions of proteins are disturbed by in- 
travenous anesthetic agents, 2) which proteins are disturbed during 
general anesthesia, and 3) are certain proteins by virtue of their 
location in a cell more important than others? 


(1) Our basic assumption is that intravenous anesthetics work 
by altering both the energy organizing and transporting functions 
within proteins. This idea, while around for a long time, has re- 
mained vague and unverified in the absence of a concrete model of 
how proteins perform these functions normally. This unsatisfying 
situation may have changed in 1973 when Davydov and Kislukha,* pro- 
posed a mechanism whereby energy could be transported efficiently 
along a one-dimensional molecular chain. In a paper entitled "Sol- 
itary Excitations in a One-Dimensional Molecular Chain," the au- 
thors considered how energy could be transferred via a coupling of 
intramolecular excitations and intermolecular displacments. In 
particular, the coupling of amide-I vibrational excitations to 
hydrogen bond displacements, and vice versa, leads to the produc- 
tion of a solitary wave in the one-dimensional molecular chain 
which does not disperse. Since 1973, Davydov® and his co-workers 
have published a number of papers on solitons in alpha-helical 
proteins. They address the important property of efficient energy 
transfer by proteins over distances that are large in terms of 
biological dimensions. The soliton model of protein dynamics 
deserves the careful attention of biologists. Clearly, it does not 
answer every question about protein behavior. Nevertheless, it is 
motivating new questions and experiments in protein dynamics. In 
this article, the soliton model will be used as a paradigm for 
understanding the molecular mechanism of general anesthesia. More 
specifically, we propose that anesthetics interfere with normal 
protein dynamics by disturbing soliton propagation in these mole- 
cules. 


(2) Assuming that the dynamical behavior of proteins may be 
perturbed by an intravenous anesthetic we concentrate, for the sake 
of simplicity, on the alpha-helical protein. This emphasis on the 
alpha-helix is justifiable, because the helical configuration is 
the most common of protein structures. Alpha-helical proteins are 
found in both the membrane and cytoskeletal fractions of cells. It 
has been estimated, on the basis of circular dichroism studies, 
that up to one third of membrane proteins are in the helical config- 
uration, with the remainder of proteins in a random coil form.* 
Helical membrane proteins usually consist of hydrophobic amino 
acids and have a length in the range of 30-70 & (5-10 turns). The 
helix is also a common structural motif in the cytoskeleton, where 
there are at least three important classes of contractile proteins 
that are highly alpha-helical: spectrin, tropomyosin and myosin. 
In addition to the contractile system, the extensive network of 
intermediate filaments in the cytoskeleton also demonstrates pre- 
dominant helical character.° Cytoskeletal proteins tend to be much 
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longer than membrane proteins (300-1600 A) and they also tend to 
form highly stable coiled-coil structures which are capable of 
polymerizing in a head-to-tail configuration.®’’ This end to end 
configuration creates exceptionally long alpha-helical networks 
within the cytosol. 


We will discuss how hypnotic agents which contain the amide-I 
moiety, such as barbiturates, are capable of perturbing solitons in 
alpha-helical proteins. This could occur via insertion of the 
anesthetic agent into the spines of the alpha-helix. This, in 
turn, modifies the intramolecular excitation and intermolecular 
vibrational properties of the protein. This perturbation of energy 
transduction through the helix involves merely a modification of 
structure in one portion of a helix, rather than a global conforma- 
tional change. We will show by numerical results that if the 
propagation of a soliton is disrupted by an anesthetic molecule 


AMIDE SPINE CHAIN POSSIBLE INTERACTION OF 
CARRYING SOLITON BARBITURIC ACID 
| | 
(H) 
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b JI 50 ENERGY 
Fig. 1. (a) One of barbiturate's possible interactions with an 


alpha-helical protein via its H-N-C=0 moities. The 
spiral configuration of the protein is stabilized by its 
weak hydrogen bonds and the binding of a barbiturate 
changes the localized structure within the helix. (b) 
Isolated view of barbiturate's two-point interaction with 
the amide-I spine system that supports solitons in the 
alpha-helix. Such an interaction alters the critical 
one~dimensional configuration and hydrogen bond relations 
in the system. 
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at one bond then the movement of the soliton throughout the rest of 
the molecule is altered. 


(3) We believe that two biological membranes are the principal 
sites for anesthetic activity: 1) the cellular (neuronal) mem- 
brane, and 2) the mitochondrial (inner) membrane. Although there 
are other sizable membranes within a cell, such as nuclear membrane, 
endoplasmic reticulum and golgi apparatus, these bilayers are not 
thought to be important to the mechanism of general anesthesia. 
Only membrane proteins that are related directly to intercellular 
communication and energy production will be considered as the 
primary targets for anesthetic agents. This assumption does not 
preclude the possibility that other membrane proteins are inhibited 
by hydrogen bonding anesthetic agents but these effects will be 
considered as secondary in the production of unconsciousness. 


In addition, it should be mentioned that cytoskeletal proteins 
may be inhibited by hydrogen bonding anesthetic agents. The impor- 
tance of this effect is rather controversial, since little is known 
about the energetics of this complex and heterogeneous network of 
proteins. Clegg® has speculated that the extensive cytoskeletal 
framework plays a greater role than simple structural support and 
cellular motility. He proposes that the cytoskeleton coordinates 
the energetics of the intracellular space. The cytoskeleton may 
provide a matrix on which the so-called soluble enzymes attach and 
coordinate their energetic activities. Cytoskeletal proteins are 
known to be associated closely with both the cellular and mitochon- 
drial membranes. Membranes may "talk" to the cytoskeleton and vice 
versa. Therefore, complete models of general anesthesia should 
consider the interrelations between these anatomically distinct 
regions within neurons. 


Green? has categorized biological energy into two broad and 
encompassing categories: 1) valence vibrational energy, and 2) 
gradient or ionic potential energy. As already suggested, hydrogen 
bonding anesthetic agents are capable of interfering with the 
propagation of the first category of biological energy. This 
action may occur at three possible sites. At the neuronal membrane, 
such an action will result in a diminution of communication between 
neurons. Decreased axonal conduction, decreased neurotransmitter 
action and increased release, and decreased synaptic signaling all 
point to the fact that membranes are less talkative and sensitive 
to their neighbor's messages.!° This inhibitory action may involve 
both the protein and the substantial glycoprotein fractions on the 
neuronal membrane. At the mitochondrial membrane, anesthetic 
action will result in a diminution of ATP synthesis. It has been 
shown experimentally that barbiturates inhibit mitochondrial 
activity by acting between the iron-sulfur centers of complex I and 
coenzyme Q.'! In other words, the anesthetic molecule stops oxida- 
tive phosphorylation at the very beginning of the ATP synthesis proc- 
ess. This location of activity is consistent with the hypothesis 
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that barbiturates inhibit energy transport by proteins, since 
complex I contains the first organization of proteins which are 
reputed to participate in energy coupled processes and since a 
shutdown at complex I will halt the majority of activities of the 
tripartite repeating unit. At the cytoskeleton, such an action may 
result in a decreased coordination between the intricate inter- 
twinings of the long and filamentous proteins. Apparently, the 
shape of the cytoskeleton is dependent on the various micro-environ- 
mental concentrations of ATP and Ca* within the neuron.® Barbitu- 
rates may interfere with these subtle processes and such a loss of 
coupling from within could alter the cytoskeleton's response to 
membrane commands. Gradient energy, or the separation of charge a- 
cross a lipid bilayer, can also be perturbed by hydrogen bonding 
anesthetic agents. This is understandable because the second cate- 
gory of biological energy is basically a manifestation of valence 
vibrational energy. The movement of charge across a membrane must 
first be initiated by an energetic change in the structure of pro- 
teins.1* If a soliton participates in this charge separating oper- 
ation by proteins then gradient energy cao be affected. 


In the brain consciousness can be likened to the "frosting on 
the metabolic cake." In other words, a relatively small cutback in 
total metabolic output of the CNS (about 10-15%) will result in un- 
consciousness. Therefore, it is necessary that barbiturates in- 
hibit only a select percentage of total protein activities. This 
will result in a relative loss of communication between neurons 
which is manifest as a loss of consciousness. In the anesthetic 
state, the neuronal membranes are quiescent and demanding a smaller 
energy supply. This is balanced by a decreased synthesis of ATP by 
mitochondria so that the relative turnover at both membrane sites 
is diminished. This helps to explain the fact that during barbitu- 
rate anesthesia the brain settles down to a metabolic valley where 
demand for an energy supply meets production of the energy source. ?!? 


SOLITONS: A POSSIBLE MODEL FOR ANESTHETIC ACTIVITY 


In the soliton model, the alpha-helical protein is approxi- 
mated as three amide-I spines, in other words, three separate but 
parallel chains of repeating H-N-C=0 groups. Vibrational excita- 
tions within the amide-I groups are coupled nonlinearly to molec- 
ular displacements along the chain and this nonlinear coupling can 
produce a soliton. In order for a soliton to travel through an 
alpha-helix, several basic requirements must be satisfied: 1. The 
amide-I spines must be sufficiently parallel to propagate the 
longitudinal sound and bond energy of a soliton. 2. The nonlinear 
hydrogen bond coupling between adjacent amide-I groups must be 
above threshold for cooperative interactions to take hold. 3. 
There must be sufficient vibrational energy for nonlinear coupling 
to take hold. Since barbiturates contain four H-N-C=0 groups in a 
rigid planar structure, it is straightforward to see that this 
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anesthetic molecule contains four amide-I groups which can hydrogen 
bond to an alpha-helix. Therefore, an interaction of a barbiturate 
with an alpha-helix might alter either the propagation or the 
formation of solitons. 


The hydrogen bonding of a barbiturate to an alpha-helix will 
distort and break the intramolecular hydrogen bonds that are re- 
sponsible for creating and maintaining the spiral structure of the 
protein. This hydrogen bonding may occur via a simple insertion as 
shown in Fig. 1, or it may involve a more complex geometry between 
anesthetic and protein molecules. For example, many helical mem- 
brane proteins are known to be combinations of both parallel and 
antiparallel alpha-helices. Cytochrome proteins are a good example 
of this configurational motif. Commonly four alpha-helices, which 
are ~ 408 long and separated by ~ 5&8, line up together to create a 
larger up-and-down helix bundle.!4 It is likely, for a more com- 
plex anesthetic-protein interaction, that a barbiturate will occupy 
a variety of inter- and intramolecular positions within the cyto- 
chrome protein. These various positions may involve the breaking 
of hydrogen bonds within the H-N-C=0 chains of the cytochrome or 
they may involve interactions within the side chains of the helices 
that help to stabilize the overall up-and-down structure of the 
protein. Fortunately, in spite of the enormous variety of interac- 
tions between anesthetic and protein molecules, the disturbance of 
energy migration may still be investigated by looking at increasingly 
complex models of soliton propagation. 


We gain some initial insight by considering the continuum ap- 
proximation for soliton propagation on a single chain, namely, the 
nonlinear Schrodinger equation (NLS): 


ifA +A +G JAl“A=0, (1) 
t XX O 


where A is the amplitude of the wave and the nonlinear coupling 
constant G = 4x*/Jw. y is the exciton-phonon interaction pa- 
rameter, J is the longitudinal dipole-dipole coupling energy and w 
is the longitudinal spring constant for the hydrogen bond. This 
continuum approximation is justified because we know from numerical 
calculations that a typical soliton spans eight helical turns and 
travels at 3/8 the sound of speed.!5’!© In others the amplitude 
varies continuously from one unit cell to another. 


How would this equation be modified in the presence of an 
anesthetic agent? We believe that an anesthetic molecule creates a 
narrow region of distortion in the protein that does not denature 
the protein but does alter the value of nonlinear coupling in that 
region. Similar effects might be produced by interactions with side 
chains and neighboring residues which have so far been neglected in 
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the model. These latter interactions are likely to produce changes 
in G over both wide and narrow regions. Suppose we allow G_ to 
vary as a function of x, such that G(x) = G_ + €G_(x) and € £°O, 
Calculations show that smooth variations in the value of G(x) allow 
a soliton to adjust its height and width to the changing nonlinear- 
ity and propagate with mild disturbance. However, relatively abrupt 
variations do not allow enough time for a soliton to adjust itself. 
Instead the shape and speed of a soliton are altered and it looses 
an increased amount of energy through radiation. The ratio of G(x)/G 
and the width of G_, when € # 0, in relation to the width of a soli- 
ton are important considerations. The more this variation approaches 
a step function, the more soliton propagation is perturbed. 


These qualitative insights were verified by our numerical stud- 
ies of a more complicated model, the modified Davydov equations of 
Scott.!© These equations have the form: 


da 
in ic ~ LE. X1 Brad 0 Pa-l, ary Jat ig * an-1,0° 
* Xo taney a Patt vo " Ba * 4n-1,0 Fao - Bi-1,02! 
+LEY + NF + PFS + QF + RF, + SF. + TF, + UF, + VEY, 
+ XF, + ZF, . (2) 
2 
ep 2B +B | =x Clay, Ie da) 
dt2 nt+1,qQ n,Q n-1,q@ 1 nt+1,Q n-1,q 
* Xglar (antlyo - 4n-1,0? * Crna - 2-1 @ag! / @) 


The index n specifies a particular unit cell (H-N-C=0 group) count- 
ing longitudinally along the helix, while @ specifies each of the 
three spines and takes the value 1, 2, or 3. The other terms have 
the meaning: an is the probability amplitude for vibrational exci- 
tation of the amide-I group located at spines n,a; E_ is the quantum 
energy of an amide-I vibration; 6 is the longitudinal displacement 
of the residue located at n, a; M is one-third the molecular weight 
of a unit cell; w is the linear spring constant for a hydrogen bond; 
and J is the dipole-dipole coupling energy between a particular 
amide-I group and those ahead and behind along the same spine. The 
LF, ... ZF, terms correspond to additional dipole-dipole coupling 
terms in order to account for helical structure. Finally, Xy orders 
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the nonlinear coupling between exciton and phonon interactions (a 
more complete explanation follows) and x, orders the change in the J 
term caused by stretching in the helix bétween ntl and n. 


Figure 2 shows the results of integrating these equations nu- 
merically for an unperturbed helix 900 & long, consisting of three 
coupled chains of 200 H-N-C=0 groups. A nonlinear coupling constant 
X, = 0.40 x 10 1° newtons was assigned to every hydrogen bond in the 
molecule. This coupling constant is just above threshold for soliton 
formation, when two quanta of amide-I energy are used to initiate the 
pulse. The soliton was launched by placing a single quanta on spines 
a = 1 and 2 at the first amide-I bond n=1. At computer time T=0, all 
other H-N-C€=0 groups were at rest. This procedure ensured that in 
later calculations the soliton was well formed before it entered the 
region of perturbation. For all spines in the helix J = 7.8 cm 1 
(or 0.145 computer units) and w = 19.5 newtons/meter. 


How will Eqs. (2) and (3) change in the presence of an anes- 
thetic molecule? The simplest alteration is to change the values 
of J, w and X4° 


J is the resouance interaction energy between adjacent amide-I 
dipoles and is approximated by the standard formula for two parallel 
dipoles 


ae 


4ne R? 
O 


jy: (3 cos* 0-1) (4) 


where d is the dipole moment, R is the distance between dipoles, ¢€ 

is the dielectric coefficient and 6 is the angle between dipoles. 
Since an anesthetic molecule may break the hydrogen bonds in an al- 
pha~helix and cause it to unwind, the distance R between neighboring 
dipoles will increase and consequently J will decrease. The dipole- 
dipole coupling terms between neighbors (NF, ... ZF_) will also be 
shifted by the distorsion in helical shape But the major effects 
Should occur near the point of anesthetic binding. Furthermore, the 
four amide-I moites in the barbiturate ring can dipole couple to the 
alpha-helix. This coupling will depend on the relative angles be- 
tween the anesthetic and protein H-N-C=0 groups and in most instances 
this coupling will act to extract energy from a soliton. In the cal- 
culations below the only dipole constant that was changed was J. It 
was decreased from 7.8 cm ! to 4.85 cm 1, which corresponds roughly 
to an increased distance R from 4.5 & to 5.3 &. From consistent 
force field calculations on the hydrogen bond,!? an increase in hy- 
drogen bond length of AR = 0.8 & corresponds approximately to a drop 
in hydrogen bond energy of 55%. This empirical decrease in J was 
chosen as a hopefully conservative estimate of an anesthetic interac- 
tion with a protein, since the hydrogen bond remains intact at this 
level of distorsion. More complete estimates should include changes 
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Unperturbed soliton. When a soliton is initiated at one 
end of a helix, a typical amount of energy is not cap- 
tured by the pulse. This energy moves at the sound speed 
and exits the helix by T = 225. The soliton consists pri- 
marily of bond energy (C=0 stretch) and the total energy 
that is carried as sound energy is ~ 0.04%. The energy 
scales correspond to the summed energy on all three spines. 
a) Is bond energy and b) is sound energy. 
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in all dipole-dipole coupling terms and energy extraction by amide-I 
groups in the anesthetic. 


The spring constant w for the hydrogen bond is related to the 
bond energy which, in turn, depends on the length and angle of the 
bond.!? Longer and less energetic hydrogen bonds in proteins demon- 
strate lower spring constants which are associated with higher N-H 
and C=0 stretching forces. This means that upon hydrogen bonding 
-N-H > O=C-, the energy of N-H and C=0 stretching declines.!8 The 
spring constant w can also be considerably affected by changes in 
the N-H<O=C angle, since the strength of the hydrogen bond is: rather 
sensitive to deviations beyond 20-30°. Therefore, an anesthetic in- 
teraction which unwinds and lengthens a hydrogen bond will diminish 
the spring constant for that bond. The extent to which this occurs 
is difficult to estimate accurately by simple methods. However, as 
a first approximation, our numerical study assumed a simple linear 
relationship between hydrogen bond energy and the spring con tane . 
Hence, at AR = 0.8 & the restoring force w = (19.5)(1.0-0.55) = 
newtons/ meter. This is a moderate estimate for a change in w, since 
a completely broken hydrogen bond will have no intramolecular spring 
constant. 


The exciton-phonon coupling constant "x," can also be changed by 
the association of an anesthetic molecule with a helix. It is well 
known that the C=0 stretching mode occurs above 1700 cm ! for a free 
carbonyl and that it is red shifted by hydrogen bonding.!? Careri?® 
points out that this red shift to ~ 1665 cm ! is strictly proportiona] 
to the chemical shift of the proton as measured by NMR and this shift 
can be used as a good measure of hydrogen bonding. Thus x, is the 
shift in energy of an amide-I vibrational quantum per unit change in 
hydrogen bond length | 


dE 
Xi= Gp (4) 


where ES is the energy of an amide-I vibration and R is length 7 of 
the associated hydrogen bond. Scott?! points out that E,« Ww? 
where W is the spring constant of the C=0 vibration, which” allows 
(4) to be written as 


X1= 3w gr (5) 


When an anesthetic molecule binds to a helix and weakens (or breaks) 
its intramolecular hydrogen bonds the influence of a weaker hydrogen 
bond will cause dW/dR to decrease. This will affect a decline in 
the value of x,. Kuprievich and Kudritskaya** calculated a value of 
Xy = 3-5x10 “11 newtons and for the purposes of the present numerical 
Study xX, is taken at this lower limit to approximate the coupling 
constant for.a weaker hydrogen bond. According to the findings of 
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Scott!®, this value of x, is just below threshold for soliton forma- 
tion when two quanta of amide-I energy initiate the pulse. 


We altered the numerical code described above to simulate two 
types of perturbations: (1) a smooth wide distortion (twice the 
soliton width) as might be produced by a side chain or neighboring 
residue, and (2) a narrow abrupt distortion (half the soliton width) 
as might be produced by a barbiturate. The smooth perturbation was 
centered at unit cell n = 105 of our 200 unit cell helix and was 
defined to smoothly decrease the values of J, w and x, from their 
unperturbed values. Specifically, Jn y was given by: 

> 


Jno = J ax - Jost Sech (n - 105)/K 


Where J is the unperturbed value of J, and J < J . K sets 
the width*of the perturbation seen at the top of Fig. Rex wy and x 
were defined similarly. The abrupt perturbation was introduced by 
a step function in the values of J, w and yx, over the unit cells 

n = 100 - 103. In both cases the minimum values of the coupling 
constants were x, = 0.3 x 10 !° newtons, J = 4.85 cm ! (or 0.09 
computer units), w = 8.8 newtons/meter, and as suggested above are 
reasonable estimates of a physically relevant perturbation. 


The results of introducing these two perturbations are shown 
in Figs. 3 and 4. The value of x#/Jw is plotted as a function of 
n in the upper corners of these figures. Notice that the measure 
of nonlinearity doubles at n = 105 for the smooth perturbation and 
at n = 100-103, for the abrupt perturbation. In both figures computey 
time T = (M/w) * = 0.99 x 10 !3 seconds and sound speed = 4.5 R (w/M) * 
= 4.56 x 10!3 R/second. The time it takes a soliton to pass through 
one unit cell is 0.372 computer time units (T). This implies a sol- 
iton velocity of 1.69 x 10!3 &/second and a ratio of soliton to sound 
velocity of 0.37. 


THE H-N-C=0 MOTETY: A COMMON DENOMINATOR OF INHIBITORY ACTIVITY 


Barbiturates demonstrate a broad range of lipid solubility. 
For example, thiopental has one of the highest oil-water partition 
coefficients at 4.7, whereas barbital has one of the lowest at 0.21. 
Factors that elevate the partition coefficient include both increased 
molecular weight (by C5 substitution) and decreased ionization at 
physiologic pH. It is well known that increased lipid solubility is 
associated with a shortened onset of action, a shortened duration of 
action, an enhanced hypnotic potency and an enhanced interaction 
with hydrophobic regions of protein.** This last property of in- 
creased hydrophobic interactions with proteins is especially impor- 
tant to the hypothesis of membrane activity. Factors which increase 
lipid solubility will also increase anesthetic-protein interactions 
at the neuronal and mitochondrial lipid membranes. 
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Fig. 3. Gradual disturbance. The smoothly changing value of 
x#/Jw is shown by the upper insert. At T = 500 the 
height of the soliton is ~ 80% of the unperturbed pulse 
and the width is ~ 10% broader. Practically no energy 

is radiated by the soliton at the point of maximum per- 
turbation T = 275. This ramp-like disturbance allows 

the soliton to adjust itself as it moves through the 
changing values of yx$/Jw. Up to T = 250 soliton propaga- 
tion is identical to Fig. 2. a) is bond energy and b) 

is sound energy. 
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Abrupt disturbance. The wall-like change in x7 /Jw is 
shown by the upper insert. At T = 500 the height of the 
soliton is ~ 50% of the unperturbed pulse and the width 
is ~ 20% broader. Also a tail has been formed which 
trails energy behind the soliton. At T = 275, increased 
sound energy is radiated by the soliton as it cuts through 
the region of perturbation. This abrupt disturbance does 
not allow the soliton to adjust itself as it moves through 
the changing value of y?#/Jw. Up to T = 250 propagation is 
identical to Fig. 2. a) is bond energy and b) is sound 
energy. 
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Fig. 5. (a) The interaction of barbiturate's four H-N-C=0 dipoles 
with the dipoles of an alpha-helix. The protein is repre- 
sented by a two-dimensional projection and the arrows in- 
dicate the relative energy of resonant interaction which 
is proportional to 1/R* and dependent upon the angle be-. 
tween dipoles. (b) The propagation of a soliton can be 
disturbed by a barbiturate molecule. Thus when a soliton 
is launched, it does not make it to its energy delivery 
Site. 


To induce general anesthesia, the concentration of barbiturate 
in whole brain tissue must be on the order of 200 micromolar. ** 
Since most anesthetically useful barbiturates demonstrate a lipid 
to water partition coefficient of ~ 4:1 and since whole brain tissue 
has more cytosol than lipid, it is reasonable to calculate a men- 
brane concentration of 200 x 4 = 800 micromolar during general 
anesthesia. This concentration is equivalent to a volume distribu- 
tion of ~ 2 x 106 &3/barbiturate. Taking cytochrome C' as an 
average membrane protein,!4 which as mentioned earlier consists 
of four 40 & helices separated by ~ 5 &, implies a protein which 
encompasses a volume of about 20 & x 20 & x 40 & = 1.6 x 104 
R?/molecule. Therefore, during general anesthesia approximately 
1.6 x 104/2 x 10® x 100 = 0.8% of typical membrane proteins are as- 
sociated with an anesthetic molecule. This rough calculation as- 
sumes a uniform volume distribution and no increased affinity of hy- 
drogen bonding anesthetics for proteins. It suggests a cooperative 
association among membrane proteins, since a possible inhibition of 
~ 1% of membrane activities results in a 10-15% decrement in CNS 
oxygen consumption. 
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In addition to barbiturates, there are a number of classes of 
anesthetic, antiepileptic and hypnotic agents that have a similar 
H-N-C=0 structure. The number of amide-I moities in these agents 
appears to be related both to potency and to duration of action. 
Hydantoins contain three, succinimides and glutethimides contain 
two, and urethanes contain one functional amide-I group (Fig. 6). 
Hydantoins, succinimides and trimethadione are commonly used as 
antiepileptic agents. Glutethimides are used as longer acting and 
urethanes are used as shorter acting hypnotic agents. N-methylated 
trimethadione is inactive until the hepatic microsomol enzymes 
demethylates the parent compound to the active N-H structure. Such 
structure-activity relationships support the proposals: 1) the 
entire H-N-C=0 moiety is required for activity, and 2) the H-N-C=0 
moiety is involved in two-point hydrogen bonding. Both Sandorfy2° 
and Rich?® have found that barbiturates break the hydrogen bonds in 
model systems of purines and pyrimidines. This breaking of hydrogen 
bonds involves the ability of barbiturates (and related compounds) 
to form a hydrogen bonded cyclic dimer with the purine base. In con- 
junction with this, molecular conformational energy calculations 
have confirmed that the one-point hydrogen bonding abilities of 
barbiturates, hydantoins and succinimides is unrelated to either 
their hypnotic or antiepileptic activities. Further, these studies 
have suggested that hypnotic and antiepileptic agents require the 
participation of more than one carbonyl or amide hydrogen for the 
production of pharmacologic activity.?’’?8 This suggestion of two- 
point H-N-C=0 participation supports the present model of anesthetic 
activity. 


In summary, there has not been a satisfactory model to account 
for barbiturate's diverse activities. Theories have implicated bar- 
biturate's hydrogen bonding ability as a mode of action but they have 
failed to provide a specific context for activity. The soliton model 
offers a unifying mechanism of action for a number of diverse agents, 
such as, barbiturates, hydantoins, glutethimides, succinimides and 
urethanes. It accounts for the observation that barbiturates display 
no stereospecific activity at anesthetic concentrations since the 
one-dimensional spine system of an alpha-helix cannot be stereospe- 
cific. It accounts for the observation that N-methylated derivatives 
of barbituric acid are "ultrashort" hypnotics, since N-methylation 
will "choke" the total number of H-N-C=0 configurations in the anes- 
thetic ring. Finally, it relates the number of H-N-C=0 groups in 
the molecule to hypnotic potency. 


OPEN QUESTIONS 


1. Our numerical studies of a relatively long alpha-helix do 
not necessarily apply to short helical proteins found in membranes. 
Therefore, similar numerical studies should be carried out to in- 
vestigate these membrane proteins. 
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2. It is possible that a bartiburate might trap the soliton 
rather than extracting energy from it. This possibility should 
be investigated. 


3. Rich?® points out that barbiturates are capable of binding 
to adenine derivatives. Therefore, the amide-I groups in a barbi- 
turate might absorb ATP hydrolysis energy before it can be delivered 
to proteins. This possibility should be considered in conjunction with 
the present model. 
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Fig. 6. Anesthetic and antiepileptic agents that are capable of 
disturbing solitons. The presence of an alkyl or aryl 
group at R and R' confers increasing lipid solubility 
and, generally, increased lipid solubility promotes an 
increased drug potency. 


CONCLUSION 


General anesthesia may be related to protein-anesthetic inter- 
actions which alters normal protein behavior. We believe that 
dynamical models of protein behavior are necessary for understanding 
such interactions. The soliton model may be a promising candidate 
for such an approach. [t accounts for many of the pharmacologic 
properties of H-N-C=0 containing compounds. 
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NUMERICAL METHODS 


Details of the numerical computations are nearly identical to 
those given in references 15 and 16 except for the following points: 
The calculations were integrated using a leapfrog predictor-corrector 
method. For computations where there were changes in yxy, J and w 
values a time step was chosen to minimize the relative error per unit 
time interval. The accuracy of the time integration was checked by 
rerunning the calculations with a smaller time step and rerunning 
the calculations with a third order predictor second order corrector 
method with an equivalent time step. No significant differences 
were found between the smaller time steps and the two methods of 
integration. 
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NONLINEAR PHENOMENA IN BIOENERGETICS AND ONCOLOGY AS SEEN IN 25 


YEARS OF RESEARCH WITH MILLIMETER MICROWAVES AND RAMAN SPECTROSCOPY 


Sydney J. Webb 


Box 70. R.R.1. Fulford Harbour 
B.C. Canada VOS 1C0 


Studies over the past three or four decades into the chemistry 
of living entities have advanced conceptual views of life processes 
and have led to great progress in research technologies applied in 
every area of modern biology. It is understandable, therefore, 
that the predominant concepts of the nature of life are biochemi- 
cal. As knowledge of the chemistry of living entities has grown, 
it has become clear that the vital reactions and syntheses inside a 
living cell take place in orderly sequences performed only at 
specific times in the lifetime of a cell. The existence of this 
metabolic, or cell timeclock is now well established. Also, 
observations of metabolism show in vivo rates of syntheses are many 
times faster than those observed in the test tube in which the 
reactants are isolated from the cell and its natural barriers. 

Such findings suggest that metabolites are directed to vital sites 
within the cell, with in vivo metabolism governed by a process able 
to direct the positioning of reactants in both Space and time, 
rather than by random kinetics. A phenomenon such as this requires 
energy, and unless there is abundant waste, this energy must be 
directed to specific sites at which the reactions are to occur. 
Although it is known that the living cell is extremely efficient 
from the standpoint of its use of energy, it is not generally 
recognized that the cell does not use energy in the form of heat. 
Rather, heat often is a toxic waste of metabolism. In contrast to 
the high temperatures required in vitro to achieve the syntheses of 
biomolecules, such as amino acids, by purely chemical means, the 
living system performs the same synthesis at comparativety low 
temperatures by using the "configurational" energy present in large 
protein molecules in place of heat. Moreover, the cell operates by 
a process which must be considered isothermal, since changes of 4°C 
to 5°C above the optimum, can completely stop, or violently alter, 
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in vivo chemical events. Although these facts are common knowledge 
today, bioenergetics still are discussed mainly in terms of units 
of heat, the calorie, and the heat released by the hydrolysis of 
phosphorylating agents such as ATP, even though much of this energy 
is never released as heat. In fact, much of the energy used to 
drive a given biological system is present in its enzymes and other 
giant macromolecules produced for it by a prior generation of cells 
(e.g. a mother cell). This energy is used to reorganize the 
vibrational or bond energies of supplied nutrients to form new 
macromolecules and hence, a daughter cell, with a minimal loss of 
energy in the form of heat. 


It is clear that life is much more than simple test tube 
chemistry. It is a process involving the production of extreme 
order from randomness, directed energy flow and physical motions of 
molecules as well as a function of time. If therefore, the 
information provided by decades of work by biochemists, and by 
molecular and cell biologists is to improve conceptual biological 
ideas and biotechnology, then the knowledge from current research 
must also be integrated into new predictive models derived from a 
strongly interdisciplinary enterprise. 


Viewed collectively, experimental data now available, indicate 
that the living cell is a unique assembly of macromolecules which 
acts as a single unit. Also, its ability to perform each of its 
many functions in a set time sequence, at rapid rates and at what 
must be considered as low temperatures suggests that it employs a 
form of electrodynamic property analogous to that of solid-state 
systems. Solid state physics with its accompanying mathematics and 
theories, may therefore be able to shed some light on the life 
process. The need for such an input into biological science is now 
more evident from modern experiments with microwaves and radio- 
waves. 


We now turn to an historical account of work which has led to 
our present perspective. In the early 1950s, the author became 
interested in the relative stability of some plant viruses to 
stresses of dehydration and various kinds of radiation. This led 
to extensive studies over 15 years into the role of water molecules 
in the structure and function of in vivo macromolecules and 
complexes. As part of this study, the author calculated possible 
relaxation times of those water molecules confined to set spaces 
within macromolecules and bound to certain of their chemical 
groups. The results suggested that this water should absorb 
microwaves. In 1956 the author therefore began experiments with 
high frequency microwaves (50 to 150 GHz) to ascertain whether 
Measured attenuation by cells held in aerosols at relative humidi- 
ties (RH) of from 5% to 90% could yield new information concerning 
the amount and behavior of water bound to macromolecules in vivo at 
given RH levels. The initial series of experiments ascertained the 


25 YEARS RESEARCH WITH MICROWAVE/RAMAN SPECTROSCOPY 551 


desorption isotherms, at 33°C, as seen by the attenuation of set 
frequencies of microwaves. It soon became clear that the shape of 
the isotherm depended on the test frequency (Fig. 1). This implied 
that with cells held at 90% RH, where only one or two monolayers of 
water exist in vivo, their absorption spectra between 50 - 100 GHz 
should show peaks where attenuation by bound H,0 was strongest. 

The aqueous environment was minimized by subsequently holding cells 
at 90% RH in aerosols or in thin films (200). Cells remained 
fully active and capable of division. This indicates that the 
natural environment of microbes on surfaces of various kinds and of 
animal tissues is imitated more closely by this film technique than 
with techniques in which cells are suspended in excess water. The 
technique also avoids obliteration of fine structure of microwave 
spectra due to gross and frequency independent attenuation by 
“free” water. 


- An aspect of these studies was the Zequirement that microwave 
fields in the range from 5, W to 5 mW/cm , had no adverse effects 
on these cells. It soon became clear that while the microwaves had 
no observable action on dormant cells suspended in aerosols, they 
did affect growth characteristics if they were exposed during their 
recovery from the dormant state. 


The unexpected finding of microwave effects reported in 1968 
(1) prompted a study of bioeffects of these microwaves and their 
relationship to cell age and nutritional status, together with 
effects of field densities and frequency. This study is now in its 
25th year, and while much has been learned it is only recently that 
the collected data has begun to yield a coherent picture of mecha- 
nisms. We will present selected data on salient features of these 
studies described below to illustrate certain points. 


At this time, it seems that metabolic activity, especially the 
operation of the respiratory chain, is prerequisite for the recep- 
tion of the "non-thermal" response to microwaves (2); the cell, 
therefore, like many crystals has to be "activated" in order for it 
to respond to these waves. In its active state, moreover, the cell 
can not only receive such energy but amplify it. Thus nonthermal 
effects of microwaves can alter metabolic activities, and, indeed, 
the vital time sequences in which they are performed. The activa- 
tion of the membrane respiratory chain seems to be required to 
facilitate reception of this energy yet the effects seen are on the 
synthesis of DNA and its coding of many proteins (2). Thus, the 
radiant energy appears to be either absorbed by the membrane and 
then transferred to the DNA or alternately metabolically produced 
energy in the membrane is transferred to the DNA and this renders 
it receptive to the incoming photons. In either case, however, 
energy is moved from one part of the cell to another. More 
important still are the facts that the cell only responds to 
certain frequencies of such waves and the particular frequencies to 
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Fig. l (A), The desorption isotherm of water from cells of E. 
coli at three different frequencies of microwaves: (B), The number 
of water molecules bound to the groups of DNA at different relative 
humidities as seen by infrared spectroscopy. Taken from Webb, 1976 
(5). 
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which it will respond alter with its age and nutrition (2, 4, 
5)(Table 1). 


Thus both the stage the cell has reached during its lifetime 
and its nutrition, especially the type of carbon supplied (e.g. 
oxidizable energy source), determine which frequencies the cell is 
able to receive. 


One of the features of the data collected, shown in Table 1 
was that the effective frequencies formed a definite nonlinear 
series which suggested that they all were related via the “harmo- 
nics" of some fundamental oscillatory in vivo mode or modes. This 
became important later when it was realized that although the 
actual effective frequencies changed with time and nutrition their 
nonlinear relationship did not, in every case two definite series 
could be clearly demonstrated. When we compared the spectra of 
mouse mammary carcinoma cells with their homologous normal ones, we 
found that the effective frequencies for normal cells formed into 
the usual two nonlinear series, while those of. tumor cells formed 
into three and sometimes four series. We observed the same 
splitting of a single series into two or three separate ones later 
when bacterial cells were infected with a bacteriophage, BHK cells 
with Mouse Sarcoma Virus (MSV) (Fig. 2), or when we compared 
biopsies of human mammary carcinoma tissue to normal mammary 
tissue. One interesting feature of the latter study was that the 
“normal” tissue from the undiseased mammary gland of the patient 
with carcinoma of the other also showed a single split in one of 
the normal series of nonlinear harmonics wheras the diseased tissue 
from the other mammary gland showed a double split, i.e. four 
distinct series (Fig. 3). It appeared, therefore, that in the 
“normal” tissue a single split had occurred whereas in the diseased 
tissue a double split had taken place. This finding led the author 
to suggest that an examination of mammary tissue by microwave 
spectroscopy might provide a method by which the early presence of, 
or even predispositon to, mammary carcinoma could be detected. 
Although the data presented in Figs. 2 and 3 are ratios of energy 
absorbed in cells to energy absorbed in the medium, each set at 
each exposure frequency had a proportional influence on the uptake 
and incorporation of -C aminoacids and nucleotides. Therefore, 
the spectra are both absorption and action spectra. Absorption 
ratios are shown because the bioeffect did not always manifest 
itself in an inhibition, in some cases a stimulation was observed 
and this made it more difficult to present the data graphically. 
Whenever the ratio between attenuation by the medium alone and the 
cells plus medium was unity, no bioeffect was ever seen. 


Recently Raman spectroscopy has been employed in attempts to 
display the internal oscillations of whole cells. It was consi- 
dered at the time this approach was conceived that a very large 
number of oscillations would be present and these would produce a 


TABLE 1 


The Effect of Microwaves on the In Vivo Biosynthesis of Macromolecules 


Frequency (GHz) 


Cell growth 

DNA synthesis 

RNA synthesis 
Protein synthesis 


Frequency (GHz) 


Cell growth 

DNA synthesis 

RNA synthesis 
Protein synthesis 


(strong) 
(weak) 


59 


0.11% 
0.08 
0.97 
0.09 


59 


0.54 
0.48 
1.01 
0.51 


(C) 


63 
70 


61 


0.52 
0.46 
0.98 
0.47 


61 


0.08 
0.10 
1.11 
0.09 


(A) CELLS IN GLUCOSE —- AA 


66 71 73 76 126 

0.09 0.51 0.10 0.49 0.53 
0.07 0.49 0.12 0.52 0.48 
1.02 1.10 0.84 0.99 1.02 
0.08 0.51 0.11 0.56 0.48 

(B) CELLS IN GLUCOSE-NH, 

66 71 73 76 126 

0.10 0.11 0.48 0.06 0.09 
0.08 0.12 0.46 0.12 0.10 
1.08 0.84 0.84 0.96 1.06 
0.11 0.07 0.51 0.11 0.13 


FREQUENCIES ABLE TO AFFECT RNA SYNTHESIS 


68 
76 


73 
79 


78 
124 


123 128 133 
127 130 136 


129 


0.08 
0.11 
1.04 
0.10 


129 


0.49 
0.48 
1.04 
0.52 


139 


136 


0.11 
0.09 
0.98 
0.12 


136 


0.06 
0.08 
0.92 
0.10 


*Results expressed as fractions of the amounts synthesized by control non-irradiated cells. 
Taken from Webb, S.J. (1975) (2) 
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ATTENUATION uW/109 CELLS 


FREQUENCY, GHz 


Fig. 2(a) Microwave spectra. A - BHK cells. B —- MSV infected BHK 
cells at 48 hours. C - MSV infected BHK cells at 72 hours. 
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Fig. 2(b) Laser~-Raman spectra. A - BHK cells. B —- MSV infected 
BHK cells at 48 hours. C -— MSV infected BHK cells at 72 hours. 
Taken from Webb, et al., 1977 (15, 16). 
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SCALE OF ATTENUATION, W/109 CELLS 


FREQUENCY, GHz 


Fig. 3(a) Microwave spectra. A — normal mammary tissue. B - 
"normal" right~side tissue. C ~ left-side 2-3 cm diameter mammary 
carcinoma. Spectra are presented as the ratio of attenuation by 
cells in the medium over that of the medium alone. 
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Fig. 3(b) Laser-Raman spectra. A - normal Mammary tissue. B - 
“normal” right-side tissue. C - left-side 2-3 cm diameter mammary 
carcinoma. From Webb, et al., 1977 (15, 16). 
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very complex spectrum of lines. However, no spectrum was found 
with resting, living cells (6). Once the cell was activated by the 
addition of a suitable nutrition containing a usable oxidizable 
carbon source, a Raman spectrum appeared, but the spectrum changed 
continuously as the cell proceeded through its life cycle (Fig. 4). 
Later when these spectra were analyzed with respect to time, sets 
of lines between 200 and 3400 cm were found to move gradually to 
higher frequencies while those between 5 and 200 cm’ moved to 
lower ones (Fig. 5). Another interesting finding was that just 
before cell division the spectrum became essentially devoid of 
lines except for one or two_jines of high intensity and at high 
frequencies, around 2100 cm , which suggested that a large portion 
of available energy at this stage was devoted to the division 
process (Fig. 6). The lines above 200 cm § have been ascribed to 
oscillations in large complexes of macromolecules excited by 
metabolically induced energy, a possibility predicted on theore- 
tical grounds by Frohlich (7). An indication of the occurrence of 
condensations and subsequent coherent oscillations is shown in Fig. 
7. This pattern is one of the most reproducible spectral events in 
active bacterial cells and is seen in almost all spectra at a set 
time in the life of the cell. (A) is the spectrum at the start of 
the cell cycle; (B) at division; (C) at 20 minutes and (D) at 40 
minutes respectively through an 80 minute cell lifetime. _At 
division two well defined lines appear at 820 and 2100 cm °° re- 
spectively., These then decrease in intensity, while the broad line 
at 1640 cm” becomes a little narrower in width with_a high inten- 
sity narrow peak. The lines between 1620 to 1690 cm ~ are produced 
by vibrational stretching nodes of the -C=N- of the ring structures 
-C-N- 
of nucleic acids, the | { of the peptide bond and the bending of 


water molecules. We assume that Raman lines in this region arise 
from the same vibrations. If so, the spectral changes seen with 
time may represent a condensation and induced common oscillation 
between these three components (e.g. DNA (or RNA) + protejn + H,0)- 
A recent mathematical analyses of the lines above 200 cm has 
shown that they all emanate from 2 to 4 fundamental modes, that is, 
all lines appear to be the nonlinear “harmonies” of 2 to 4 funda- 
mental in vivo oscillations (8). 


The Raman lines below 200 cnt (examples in Fig. 8) persist 
for much longer periods during the cell's lifetime and moving 
Slowly to lower energies. Scott (9) has suggested that they 
correspond to the fundamentals and harmonics of a solitary wave, 
known as a soliton, traveling through large macromolecules and 
complexes of them. The frequencies and hence energy, of such a 
Wave were calculated from theory and the known structure of 
proteins without knowledge of the Raman data; it was gratifying 
therefore, that the theoretical and experimental data fitted so 
well (10). The soliton as described by Davydov (11), is a wave 
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Fig. 4(a) Examples of spectra obtained with synchronized 
Escherichia coli cells in Davis NH, salts. A - 0-20 min. B- 
20-40 min. C - 40-60 min. D. 65-85 min. Conditions as for Fig.l. 


N* OF TIMES OBSERVED —+ 


00-800 600. 400 
RAMAN SHIFT cm-! 


Fig. 4(b) Composite of all Raman lines observed in the spectra 
obtained with synchronized populations of Escherichia coli cells. 
Each Raman line seen in a given spectrum, recorded at a set time in 
the lifetime of the cell, is tabulated along with the number of 
times each line re-occurred in repeat spectral determinations. The 
height of the frequency markers, used to scale, the illustration = 
two appearances of a line. From Webb, 1980 (6). 
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—— AVERAGE INTENSITY —— 


RAMAN SHIFT CM! 


Fig. 5 The timed appearance of Raman lines seen in the spectra of 
synchronized populations of Escherichia coli cells during a 90 
minute cell cycle. The times shown represent the time after the 
cells were placed in a minimal medium and, at which, their Raman 
shift spectrum was determined. The average intensity of each line 
is that calculated from two or more spectra in which the line 
appeared and is presented merely to demonstrate the relative in- 
tensities of the lines and change in them with time. From Webb, 
1980 (6). 


2200 2100 2000 
cm" 


Fig. 6 The strong Raman lines which appeared in the spectrum of 
Escherichia coli just before cell divisions began. Laser 5145 A, 
sensitivity 10 K. Taken from Webb, 1980 (6). 
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Fig. 7. Raman spectra of synchronized cells of Escherichia coli 
(see text). 
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Fig. 8. Low frequency Raman spectra of synchronized Escherichia 


coli cells taken from Lomdahl, et al., 1982 (10). 
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form which does not dissipate, but moves along a protein alpha- 
helix until all of its energy is dissipated at some point at the 
end. From the biological point of view it may be considered as a 
localized conformational change which then travels down or through 
a chain of molecules. These waves are characterized by two 
fundamental frequencies, one arising from the oscillation that 
produces the wave, and the other from the velocity with which the 
wave travels. The process is a nonlinear one and so other fre- 
quencies arise from these fundamentals by harmonic generation and 
frequency mixing. 


The initial good fit between experimental and the theoretical 
soliton was less obvious later when the frequencies of the lines in 
a Jarge number of Raman spectra were added in the form of a histo- 
gram. This loss of fit seems largely due to the shift that occurs 
in the frequencies of the line with time as the cell ages. The 
author therefore constructed a histogram of lines in eight spectra 
taken at the same time in the life cycle of Escherichia coli (Fig. 
9). The fit with the earlier theoretical fundaments of 23 cm and 
126 cm for the frequencies of the oscillation and wave velocity 
respectively in proteins, is good, but it is of interest that a 
fundamental of 16.2 cm § is also present. A theoretical analysis 
was made with the assumption that two types of soliton existed-in 
vivo, one in protein and the other in DNA as these are the two _ 
major types of biomolecule able to act as media for the propagation 
of such waves. The analysis also assumed that the velocity of the 
waves was the same having a frequency of 126 cm. By nonlinear 
analysis, the “harmonics” of each wave was calculated and it was 
found that the frequencies of some harmonics within reasonable 
limits, were common to both waves. 


The above experiments with bacterial cells were repeated with 
similar studies with normal,and tumor cells. The low frequency 
Raman spectra (5 to 200 cm ') of normal cells always displayed a 
series of sharp single lines which formed two nonlinear series of 
“harmonics”, as in the microwave data. In spectra of all types of 
tumor cells studied, however, these lines were broader, of lower 
intensity, and split into two or three separate lines. In an 
attempt to understand this phenomenon the Raman spectrum of normal 
BHK cells was established and changes subsequent to infection with 
MSV was followed over two or three days. The spectrum of infected 
cells changed gradually after infection with early splitting of 
lines and more pronounced changes at later times. When no evidence 
of the virus could be detected in the culture medium, after several 
subcultures of infected cells, the spectrum displayed split broad 
lines (see Figs. 2 & 3). Finally when the microwave and Raman data 
were viewed collectively, it became clear that the low frequency 
Raman lines reflected the upper nonlinear “harmonics” of two 
fundamental oscillations which resided somewhere in the millimeter 
microwave region. The question then is can this process be 
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Fig. 9. Composite of low frequency 
Raman lines of Escherichia 
coli at 30 minutes. 
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reversed and the normal oscillations restored? It is likely that 
this could be done by chemical means but the steriochemistry of any 
effective agent will differ from tumor to tumor and a specific one 
may be néeded for each individual tumor. A much more general 
approach would be to expose the tumor to two close microwave 
frequencies it absorbs, and then modulate between these two at a 
frequency characteristic of the normal cell. This has been tried 
by the author with a modicum of success (2, 14) (Fig. 10). 


The question is what can now be learned or implied, from this 
new type of biophysical data? The Frohlich coherent oscillations 
of macromolecules provides possible mechanisms by which the living 
cell is able to receive and respond to microwaves of specific 
frequencies. Second, the concept of energy transfer by solitons 
offers a means by which energy may move rapidly along set pathways 
to specific sites in the cell. A system of linked filaments of 
protein which grows in a unidirectional way with time has been 
observed in living cells (12, 13). Such a network could act as a 
vector in vivo for solitary waves. Third, the existence of 
possible interference between the traveling waves could be one 
mechanism by which a given metabolic activity is confined to a 
given place and time. Sufficient energy could be delivered to 
drive a reaction only af junctions of the wave tracks. The energy 
of the line at 2100 cm § and its amplitude suggests that consid- 
erable energy is being delivered to one or two places in the cell 
to effect cell division. It seems plausible to suggest that the 
spindle apparatus of eucaryotic cells, being protein,. could act as 
a vector of this energy, via solitons. 


Evidence that a cell may generate more than one fundamental 
frequency, and also produce their harmonics as a manifestation of 
metabolically induced coherent oscillations in large macromolecular 
complexes; and evidence for the transfer of this “oscillatory” 
energy as solitary waves along set pathways to specific sites in 
the cell suggest mechanisms by which in vivo reactions may be 
controlled in time and place, rapidly performed and kept "in tune" 
with one another. It is well known that in proliferating cells, in 
a stable nutritional environment, the ratio between the amounts of 
three major components, protein, RNA, and DNA, remain constant. 
Only when the nutrition is changed does this ratio change and then 
only in the generation of cells experiencing the change. This 
constant ratio can only be maintained if the respective rates of 
syntheses of these macromolecules exhibit the same ratios relative 
to one another. Therefore, these rates are closely controlled. 


The nonlinear approach to biological energy transactions, and 
the concept of the cell in terms of its oscillations rather than 
its chemical activities provide new models of living processes and 
of neoplastic changes, concepts of more than mere theoretical 
interest. Several promising lines of investigation of nonlinear 
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millimeter wave effects have been reviewed in these proceedings. 
The present prospect for new knowledge is exciting. 
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Fig. 10. Effect of exposure to microwaves on the ability of 
virus-transformed BHK tumor cells to form clones in tissue culture 
ang produce tumors in experimental animals. Inoculum per animal, 
10 cells. Taken from Webb, 1975, (14). 
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INTRODUCTION 


Nonlinear electrodynamic theories predict dynamic organization 
of biomolecular activities at all cellular levels: DNA, membranes, 
extracellular glycoproteins, and the interconnecting cytoskeletal 
lattice.!"° Cytoskeletal lattice proteins including microtubules are 
particularly involved in dynamic regulation of intracellular 
movements and activities.®’’ This paper considers possibilities and 
implications of biological information processing due to coupling of 
Davydov solitons, Frohlich coherent oscillations and other nonlinear 
electrodynamic phenomena to conformational states of the grid-like 
polymer subunits of cytoskeletal microtubules. 


CYTOSKELETAL PROTEIN LATTICES 
Cytoskeletal lattices (Figure 1) including protein polymers 


microtubules (MT), actin, intermediate filaments and the microtrabec- 
ular lattice interconnect and organize cell components and dynamic 
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Fig. 1. Schematic representation of cytoskeletal lattice 
elements in vicinity of cell membrane. MT: microtubule, 
M: membrane, MP: membrane protein, MF: microfilaments, 
MIL: microtrabecular lattice, GP: extracellular glyco- 
protein. 


activities.° 7 Intracellular movement and coordination, growth, 
mitosis, transport and turnover of membrane proteins are 
accomplished by activities of cytoskeletal lattices and 
attachments. The major cellular architectural elements, MT are 
cylindrical polymers which also comprise cilia, mitotic 
spindles, and other organelles.® 11 wt are intimately involved 
in dynamic biological activities, but mechanisms of "real time" 
regulation and control by MT or other cytoskeletal filaments are 
unknown. The particular structural geometry of MT will be 
considered as a potential site for functionally significant 
nonlinear electrodynamic phenomena. 

Most MT are assemblies of 13 longitudinal protofilaments which 
are each a series of polar, tubulin dimers (Figure 2). Each dimer 
consists of two slightly different classes of 55,000 molecular weight 
monomers (a and 8 tubulin) which,are 4 nm in diameter.!2714 fybulin 
binds eighteen,calcium ions (Ca ) per dimer, and MT polymerization 
depends on Ca and other factors. Hexagonal packing of the dimers 
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Fig. 2. Microtubule (MT) structure from x-ray crystallographic 
data. !2 MT subunits are 8 nm dimers of a and B 
tubulin in a hexagonal, cylindrical lattice. 


results in 3, 5 and 8 pitch helical patterns.!°?!© MT outer diam- 
eters are 25-30 nm and inner diameters are 14-15 nm.!7?!8 wT outer 
surfaces are surrounded by a "clear zone" of several nm which appar- 
ently represents electronegative charges on tubulin!? and may also 
organize cytoplasmic water and enzymes.°’©® Functional MT lengths may 
range from hundreds of nm to micrometers and meters in some mammalian 
neurons. Contractile (ATPase dynein) or enzymatic proteins (microtu- 
bule associated proteins: 'MAPs'') may be attached at specific 

dimer sites resulting in various helical patterns, 29 Numerous 
proteins and other substances are transported by MT and attached 
contractile proteins at rates from one to 400 millimeters/day.2! 23 


Phosphate nucleotides including GTP and cyclic GMP bind reversibly 
at specific dimer sites." 
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Fig. 3. Coordinated transport by MT based ATPase contractile 
sidearm proteins. Signaling for contraction may occur 
by solitons propagating through the MT lattice. In 
this representation, inclusion of sidearm base dimers 
in a "diamond" (4 contiguous aligned dipoles) connotes 
signal to contract. Diamonds or other structures may 
derive from coherent oscillations (see automaton 
model) resulting in solitons. 
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t =2 


Fig. 4. Dimer subunits in automaton neighborhood. Assuming a 
and 8 monomers share an electron, dimer is in a@ state 
(represented by a) if dipole orientation is toward a 
monomer, and dimer is in 8 state (represented by :) if 
dipole orientation is toward the 8 monomer. Relative 
distances among neighbor loci may be represented by r, 
xX, and y. 


Extensive reviews on MT and cytoskeletal structure and 
function are available.®°*!! Intimate involvement of MT with 
dynamic cellular activities and their grid-like polymer 
structure suggest capabilities for information processing which 
may be explained by nonlinear electrodynamic phenomena. 
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SOLITONS, COHERENT OSCILLATIONS, AND DYNAMIC ORGANIZATION OF 
PROTEIN CONFORMATIONAL STATES 


Solitons 


Biological solitons have been theorized as couplings of phonons 
and excitons along molecular chains producing nonlinear 
vibrations which are extremely long-lived in comparison to 
linear oscillations. ! Davydov proposed that biological solitons 
could be energetically initiated by hydrolysis of ATP phosphate 
bonds and propagate along linear molecules such as the alpha 
helix portion of proteins. 2?4 Nonlinear coupling of electronic 
bond energy (possibly anharmonic stretching of amide 1 

bonds, *?2 orbital changes in hydrophobic aromatic regions, 
and/or disturbance of the electronegative charge field on the MT 
outer surfaces) Or mechanical oscillations of protein peptide 
chains can account for wave-like soliton propagation and a 
control mechanism for protein conformational states. Calculations 
and simulations have suggested that solitons may propagate through an 
alpha helix protein sequence at subsonic velocity, occupying nine 
peptide bond lengths (4 nm) per soliton. *?25 28 

Cytoskeletal lattice arrays may provide significant pathways for 
soliton propagation. Phosphate nucleotides such as GTP bind rapidly 
and reversibly at specific tubulin monomer sites, GDP, incapable of 
energy donation, binds tightly at other tubulin monomer sites,22° 3° 
Thus solitons may be introduced or supported at specific "prepro- 
grammed’ GTP binding subunits. Tubulin monomers are 4 nm in diameter 
and are comprised of about 22 percent alpha helix chains.!4°31 Thus 
solitons initiated by GTP and other factors could propagate between a 
and 8 tubulin, dimer regions, altering conformational states and 
binding of Ca and other factors. Soliton propagation among neigh- 
boring MT grid dimers might depend on numerous additional factors 
including dimer-dimer neighbor interactions, dimer conformational and 
Ca binding states, attachment of GTP, MAPs and contractile 
proteins, and perhaps the directional orientation of alpha helix 
chains within the globular tubulin subunits. Solitons propagating 
through an MT lattice would encounter gates and switches at every 
dimer-dimer interface. Dynamic patterns of solitons propagating and 
switching through MT lattices have been compared to computer and 
information processing technologies (Boolean switching matrices, 
charge coupled devices, bubble memories, etc.) and theoretically 
linked to dynamic organization of cellular activities.°® Programming 
modes governing soliton information patterns within cytoskeletal 
lattices may include genetic (e.g., primary protein structure) and 
"environmental" (e.g., Ca flux) influences. 

Biological activity which may be explained by soliton propaga- 
tion and switching in MT lattices is exemplified by the possible 
orchestration of contractile proteins attached at specifically 
arrayed MT lattice sites and which are active in transport of mole- 
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Table 1. 


Automaton rules derived from £ y/r? which may be 


calculated from MT neighbor geometry distances, 


Center 


Neighbor 


Distance 


Distance 


Neighbor State State (x) (y) y/r> 
N alpha alpha 0. 8, 0156 
N alpha beta 0. 4, ~0625 
N beta alpha 0, 12, 0069 
N beta beta 0. 8. 0156 
NW alpha alpha -5, 4.9231 0314 
NW alpha beta -5. 0.9231 0064 
NW beta alpha -5. 8.9231 0083 
NW beta beta -5. 4.9231 0314 
SW alpha alpha 5. -3.1769 -.0152 
SW alpha beta 5. -7.1769 -.0108 
SW beta alpha 5. 0.9231 ~0070 
SW beta beta 5. -3.1769 -.0152 

S alpha alpha 0, | -8, -.0156 

S alpha beta 0. -12. -.0069 

S beta alpha 0. -4, -.0625 

S beta beta 0. -8, -.0156 
SE alpha alpha 5. -4,9231 -.0314 
SE alpha beta 5. -0.9231 -.0083 
SE beta alpha 5. -8.9231 -.0064 
SE beta beta 5. -4,9231 -.0314 
NE alpha alpha 5. 3.1769 ~0152 
NE beta alpha 5. 7.1769 .0108 
NE beta beta 5. 3.1769 .0152 


cules and organelles. Figure 3 depicts such orchestration by the 
signaling of propagating solitons. Dynamic organization of 
intracellular transport, ciliary movement, Ca fluxes, patterns of 
cell growth, differentiation and other intricate biomolecular actions 
requiring temporospatial organization could thus be explained. 


Coherent Dipole Oscillations 


Frohlich has theorized that nonlinear dipole excitations among 
molecular subunits of membranes and proteins of high dielectric 
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Fig. 5. Computer simulation of MT automaton based on rules derived 
from electrostatic force contributions from neighbors. 
Protofilaments 0-12 are on vertical (x) axis, and rows 0-64 
are on horizontal (y) axis. An all beta (°) pattern is 
invaded by an initial pattern of alpha states which grows. 
Diamond patterns of alpha states are highlighted by a 
larger central dot. Generations 1-4 are depicted. 


strength will result in coherent oscillations (10 19 to 10 !! sec 
fluctuations), lower frequency metastable states, coherent polariza- 
tion waves ("solitons"), and long-range order.2’32 34% Coherent 
oscillations of MT and other cytoskeletal lattice subunits may derive 
from intrinsic oscillations dependent on a high dipole moment and 
dielectric strength across the MT wal1!9°35 or coupling to oscilla- 
tions in membranes or other structures. Del Giudice et al,3°?36 
have suggested that MT and other cytoskeletal filaments entrain 
and focus depolarization waves as solitons by nonlinear wave- 
guide behavior. 

Frohlich also theorized that protein conformational states are 
coupled to electron dipole oscillations.?3 Protein conformational 
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Fig. 6. Generations 33-36 of the patterns from Fig. 1. The alpha 
states have grown and reached the boundaries causing alpha 
diamonds and beta diamonds, highlighted by line connections. 
The pattern is otherwise orderly and alternating alpha and 
beta. 


coupling to coherent dipole excitation among individual subunits in 
biomolecular arrays conceptually resembles soliton propagation and 
would apparently depend on genetic and environmental biochemical 
factors as well as neighbor interactions. Protein polymer neighbor 
interactions can be mediated by factors which include electrostatic 
dipole interactions, conformational states, binding of water, ions, 
MAPs, phosphate nucleotides and associated proteins, intrinsic 
subunit factors, or solitons. Net effects of these influences could 
alter oscillatory phases of particular subunits in coherent biomolec- 
ular arrays, possibly resulting in dynamic patterns, polarization 
waves and long-range order. Dynamic and stable patterns of dipole 
excitation and conformational states in MT could have direct, 
profound effects on regulation and organization of cellular 
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Fig. 7. Generations 40, 45, 55, and 70 subsequent to Fig's 5 
and 6. Alpha and beta diamond patterns develop further 
from boundary interactions and move towards each other 
at velocities of 8 nm/10 !9 sec (9.80 m/sec). 


processes. As proposed for soliton traffic, patterns of resonant 
excitation and conformational states of cytoskeletal lattice subunits 
could mediate protein binding sites, ion fluxes, and organization of 
cellular activities. Self-organizing patterns and information 
processing based on neighbor interactions at discrete time intervals 
among lattice subunit states have been described and are defined as 
cellular automata.?’ 32 Coherent oscillations in tubulin dimer 
subunits whose phases at discrete time intervals depend on 

lattice neighbor interactions may be considered as an automaton 
model of dynamic biological organization. 


AUTOMATON MODEL OF MICROTUBULE INFORMATION PROCESSING 


Dynamic patterns and information processing in automata depend 
on neighbor interaction rules among lattice subunits, 2’ 
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Fig. 8. Generations 75, 80, 85, and 90. Collision and interference 
of diamond patterns with triangle, parallelogram, and 
trapezoid structures. 


Frohlich coherent excitations (10 !9 sec) could effect discrete 
time intervals in MT automaton neighborhoods. Tubulin dimers as 
basic units would have a 7-member neighborhood on a hexagonal 
cylindrical lattice (Figure 4). The cylinder has a 
circumference of 13 units and the pitch pattern of the leftward 
helix would be one and one-half dimers (three tubulin monomers). 

Each dimer may be viewed as a dipole with an electron shared by 
the two monomers. At each time-step (e.g., 10 ~10 sec), the elec- 
tron's average position is in the center of one or the other monomer. 
The electrostatic force exerted on the electron by its nearest 
neighbors would depend on the neighbor states at the previous time 
interval, and may serve as "rules" for an automaton. The magnitude 
of the force exerted by any one neighbor is: 


Ke") 


2 
r 
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where k is 1/4me_, e is the charge on an electron and r is the 
distance between the electrons. 

The location of the electron at any time can determine the 
conformational state of the dimer. We will assume each dimer is in 
either an alpha state or beta state at each 10 !9 interval, depending 
on dipole orientation. The dimer will change state if the sum of the 
forces on its electron are sufficient to push it to the other side. 
The dimer neighbors are labeled with "north" (n) in the longitudinal 
direction ("y" axis, now horizontal) of the MT cylinder. 


SW nw —~x + 
Ss cn y> 
se ne 


Only the relative magnitudes of the forces along the axis of the MT 
are important. Taking the MT axis to be the y direction, the force 
F(y) in the y direction on the electron in the center dimer is 
proportional to: 


Y sin e/r? 
taken over all neighbors. 
sin 6 = y/r 


therefore F(y) is proportional to y/r>. Along the MT axis, tubulin 
subunits are 5nm apart, and around the circumference they are 4 nm 
apart. The helical twist yields a y offset of 


4nm(3/13) = .9231nm 


for nw and sw neighbors and -.923lnm for ne and se neighbors. 
MT automaton rules are shown in Table l. 

There are two parameters which can be varied in this model 
relating to the transition region where the force on the 
electron is near zero. The "center" provides a bias which 
prefers one state or the other due to, perhaps, protein 
structure, ion binding, or other factors. The "width" 
determines a neighborhood around the center where the force is 
not great enough to influence the next state. It is in some 
sense a measure of the "viscosity" of the system, the tendency 
for a state to remain stable (or oscillatory) until a certain 
threshold is reached. "Width" and "center" are both in units of 
y/r> or nm 2, Forces less than the value of "center" minus 
"width" yield alpha states. The fate of forces within "width" 
of "center" is determined by the sign of "width." A negative 
width implies that a dimer will switch states regardless of the 
force on it (as long as the force is less than "width" from 
"center'). This implies that some other mechanism is causing 
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oscillation of the dipole. A positive width implies that for 

very small forces the state will remain the same. In the case 
of "center" at zero and a very small positive "width," several 
static, oscillatory and dynamic structures appear. All other 

variations of the rules will be treated as perturbations of the 
behavior of these rules. 

In a field of dimers in the same state, occurrences of dimers in 
the opposite state "invade" the others until an approximately equal 
mixture exists. Figures 5-10 illustrate alpha states invading beta 
States. Except for the abnormal hexagonal geometry, the progress of 
the invasion is like the ripples from a stone dropped in a pond. The 
front wave advances steadily while standing waves oscillate behind. 
Since the rules are by nature quantized, any "width" (viscosity) less 
than the magnitude of the smallest possible unbalanced force will 
yield undamped oscillation. This means that wave fronts will 
travel forever and the standing waves left behind will continue 
to oscillate indefinitely. There appears to be a small set of 
structures which exist independent of initial conditions. Alpha 
‘and beta sites tend to alternate along the MT axis while they 
tend to align (a-a,b-b) along the (nw-se, sw-ne) axes. This 
yields rows of alternating bars which oscillate from alpha to 
beta and back. Disturbing this regularity can exist kinks and 
change of axis (nw to ne) which are also oscillatory with period 
two. The one and one-half pitch helix geometry prevents 
continuous bands longer than one revolution of the cylinder to 
occur in the sw-ne direction without a kink or direction 
reversal. In addition to kinks and change of direction, opposed 
pairs of triangles and other structures consisting of alpha and beta 
sites appear and oscillate also. These pairs also align themselves 
along the two off axes (ne-sw,se-nw). 

The dynamic structures which exist in this environment appear to 
all be stable and/or interacting combinations of two basic struc- 
tures. The simplest is just a pair of alpha or beta sites along the 
main axis. Alpha pairs travel south along the axis while beta pairs 
travel north. The other structure is a diamond arrangement, 
four alpha or beta sites surrounded by their opposite. These 
diamonds travel in opposite directions (alpha north, beta 
south). Both types of structures interact with their 
environment and can be destroyed by each other as well as 
absorbed by the stable triangle pairs. They also disturb the 
background pattern as they travel, reorganizing the structure as 
they go. These structures have also been observed to "bounce" 
off of each other or exchange phase. Figures 5-10 show boundary 
conditions causing reflection and initiation of patterns of 
diamonds and other structures which then interfere, resulting in 
altered patterns. These traveling patterns have velocities 
(8 nm/10 !9 sec = 80 m/sec) comparable to solitons and/or nerve 
conduction velocities, and may serve to transport binding sites or 
intracellular information. 
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CONCLUSION 


Nonlinear electrodynamic phenomena including Davydov solitons and 
Frohlich coherent oscillations provide theoretical mechanisms for 
dynamic organization of biological activities. Cytoskeletal 
lattice proteins including microtubules are intimately involved 
in dynamic biological organization, and have structural 
geometries conducive to information processing by nonlinear 
electrodynamic phenomena. This paper has presented possible 
modes of microtubule information processing and dynamic 
organization. Frohlich coherent oscillations can result in 
automaton-like information patterns, propagating solitons, and 
regulation of a wide variety of dynamic cellular activities. 
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BRIDGING THE GAP 
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INTRODUCTION 


We will review some of the historical background, biological 
and political, of the last two decades. The Pandora Project, the 
ERMAC Committee, the confusion engendered by different Federal 
Agency roles and admissions, issues involved in broadcasting regu- 
lation, all compounded by the public concern over the environment. 
Both the evolutionary development of man and our current knowledge 
of neurophysiology has long led to at least an intuitive belief 
that electromagnetic energy must influence body processes. However, 
until recent years there has been almost a total failure to confirm 
this other than in simple thermalization of the energy. The 
intrinsic complexity of biological systems has made it difficult 
to apply the rather simplistic theorems of the physical world. 
However, the increasing capability of the computer coupled with 
a mathematical structure of the behavior of physical systems with 
non-linear characteristics are beginning to lead to a breakthrough. 
An attempt will be made to summarize some of the key technical 
points that have been presented during the conference. Some 
recent results of a collaborative program at Johns Hopkins University 
permitting observation of a single cellular layer in vivo illus- 
trating electromagnetic interaction phenomena will be summarized. 


Integration consolidation and amplification in the governmental, 
fiscal, and technical domains are urgently and substantially required. 
A principal of "correspondence" parallel to that in quantum physics 
must be developed. The detailed processes we are beginning to 
uncover in the single cell must extrapolate to the megamouse experi- 
ment and eventually to the exposed human population. Only through 
such enhancement of our scientific knowledge base can credibility 
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be achieved in the 3-way discussions between the researchers, regu- 
lators and the public. The role of the Federal Government to date 
in this critical field can be most kindly described as ranging from 
pathetic to abysmal. We are on the verge of a totally new area of 
understanding of biological processes, medical therapy and diagnosis, 
and rational control of the electromagnetic environment. 


BACKGROUND 


A concluding statement made in a different context might also 
serve aS a summary to this past week. 


"The biological action of electromagnetic fields most often 
amounts to some effect on the processes of control and intercom- 
munication in the living organism: between systems, between cells, 
or between molecules. In other words, an electromagnetic field 
exerts an influence on the informational interactions in the 
organism, and apparently, the energy of the field serves only as 
a means of exerting this influence. In fact, it has been 
established experimentally that the nature of a given physiologi- 
cal reaction to an electromagnetic field remains practically 
invariant when the amount of energy in the acting field is varied 
over rather wide ranges. Furthermore, the effectiveness of the 
reaction can even increase with decreasing intensity of the 
treatment. 


All this leads us to propose that the biological activity of 
electromagnetic fields is not due to energetic interaction, but to 
informational interaction with living organisms. That is, the 
major interaction here is not the transformation of electro- 
magnetic energy into other forms, but the effect of electro- 
magnetic fields on processes of transformation, transfer, coding, 
and storage of information in living systems. Further research 
will show how valid this conception is. (Ref. 1). 


This statement was in the concluding section of an article 
published by A. S. Presman in "Fizika Nauk," June 1965. It 
indirectly had a stimulating affect on some programs we heard about 
today. 


Research prior to 1965 (and to the present) could be catego- 
rized as either scientific or safety related. A noteworthy 
example of pre-1965 scientific work was that of Schwan and his 
co-workers on the electrical impedance of tissues. About 1967 
concern over microwave ovens led to some enhancement of the safety 
program. Interest had been lagging for several years following 
the military safety programs engendered by the installation 
of the large surveillance radars of the late '50's and early '60's. 
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Two major scientific thrust were initiated by national 
security concerns. Pandora started in 1965, because of the unknown 
reasons for the beaming of microwaves at the Moscow Embassy, coupled 
with the somewhat obtuse (in terms of experimental data) statements 
by Presman and others in the Soviet literature with its heavy 
emphasis on low level research having no parallel in the West. There 
was a need to understand. Was there something we should know parti- 
cularly about effects of EMR on the human central nervous system? 


The program revolved around a principal experiment at the 
Walter Reed Forest Glen Annex. It was necessary to construct a 
totally new facility, since nothing suitable existed elsewhere. 

The radiation intensity used was an order of magnitude higher than 
the measured Moscow amplitudes. The equipment was capable of simu- 
lating the peculiar modulations actually observed. 


The protocol looked for behavioral changes in operant condi- 
tioned chimpanzees. Many unwarranted artifactual conclusions were 
drawn during the course of the experiment. The net result was 
statistically inconclusive (Ref. 2). The intuitive tendency was 
to say nothing unusual had been observed. 


The second area related to national security concerns started 
as a ''safety'' research program. The "Sanguine" (now Seafarer) system 
was intended to provide high reliability/low data rate communica- 
tions with the strategic submarine forces using modulations on a 
carrier between 40 and 90Hz. An early biological study showed 
many drastic effects, which turned out rather eloquently to con- 
firm Bob Frosch's aphorism "The best way to discover a new effect 
is to do a bad experiment.'"' These early results and public 
opposition lead to a painstaking search for subtle affects at 
extra low frequencies (ELF). 


Indirectly, another initially safety related activity contri- 
buted to the scientific development. A White House advisory 
committee, JTAC, prophetically suggested that safety problems both 
real and imaginary might inhibit civilian and military telecommuni- 
cations in the future. This led to the formation of the Electro- 
magnetic Radiation Management Advisory Council (ERMAC), advisory 
to Office of Telecommunications Management (OTM) - OTM became 
Office of Telecommunication Policy (OTP). Its director was also 
the Special Assistant to the President for Telecommunications. A 
principal OTP function was approval of frequency allocations for 
government users analogous to the FCC's role for commercial users. 
As Special Assistant he also had overall responsibility for national 
telecommunication policy. ERMAC assisted in the review of 
specific systems but soon realized that many unknowns, both 
scientific and pragmatic, existed. They began to plan a national 
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program with a rate of growth built in (Ref. 3) and became a techni- 
cal program coordinating group as well as a fiscal support point for 
13 or 14 government agencies. Early on it was realized that a 

"sound scientific basis" was essential for standard setting. Without 
here detailing the philosophy of agency budget structures and actions, 
it was possible on White House stationery to either support requested 
funds or even force increases by means of OMB actions. 


This all started grinding to a halt when the Carter administra- 
tion transferred OTP responsibilities about 1978 to the newly formed 
National Telecommunications and Information Administration (NTIA) in 
the Department of Commerce. At present, the official NTIA position 
is that they have no responsibilities for this area. Even earlier, 
Department of Commerce letterheads didn't influence other agencies 
very much. 


During a ten year period, the 1970's, the overwhelming percent- 
age of funds came from military sources, greater than 60%, as much 
as /0 to 80% at times. This is no longer true. At no time have any 
substantial funds come from the pure science organizations such 
as NSF or NIH. NIH sporadically has inserted funds for the prag- 
matic study of thermal effects on cancer cells, but little for 
scientific investigation. Regulatory agencies, the Environmental 
Protection Agency (EPA), Bureau of Radiological Health (BRH), etc., 
have split their funds between the research and the regulatory aspects 
of their missions. EPA is concerned with exposure of the public, 
Occupational Safety and Health Administration (OSHA) with occupa- 
tional exposure and NIOSH supports OSHA. BRH (now combined with 
medical devices) is concerned with control of emissions from elec- 
tronic devices. The Federal Communication Commission (FCC) grants 
licenses for civilian spectrum use, while NTIA approves government 
usage. The Department of Defense is concerned with the protection 
of its personnel, including compliance with OSHA regulations (Ref. 4). 


Two fundamental issues must be surfaced. First, there is 
no longer even an information or funding coordination point, as there 
was in the OTP~NTIA/ERMAC days; second, there is no agency with 
primary responsibility or even an interagency committee with defined 
responsibility for this area. 


SOME HIGHLIGHTS OF THE MEETING 


No attempt will be made to be either complete or comprehensive. 
However, a personal set of impressions of some highlights may be of 
value. During the last two decades three major directions have 
emerged in our understanding of living systems. The most visible 
is DNA structure and its manipulation, "recombinant DNA", bringing 
forth vast amounts of government and private efforts and funds 
with many applications. The second key thrust are the 
beginnings of a model for explaining the functional complexity of 


*NIOSH - National Institute of Occupational Safety and Health 
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the cell membrane with increasing applications, for example in 
immunology. Most recent has been the realization of the complexity 
of the structure of the extra-nuclear cell body and the beginnings 
of a model of the cytostructure. Taken together there has been an 
increasing intuitive feeling that indeed the "leg bone is connected 
to the thigh bone" and that the functions of each of these subsys- 
tems may be interdependent. There is no need here to belabor the 
problem of interdisciplinary collaboration between biological and 
physical scientists and the related difficulties of language. We can 
Stipulate that these problems exist. What we have been talking 
about borrows from a number of fields of physical science in addi- 
tion to the main thrusts of modern biology. Not surprising is that 
a number of useful concepts are derived from solid state physics, 
including refined classical and quantum models of dielectrics. Two 
major related concepts derive from somewhat more unexpected sources, 
from hydrodynamics and from mathematical theory. These are solitons 
and ''chaos."" Solitons were first described in observations of 
laminar flow in the mid-nineteenth century. In the mid-1950's Fermi, 
Pasta and Ulam studied the randomization of thermal energy in a 
computer model of a string of particles with non-linear coupling. 
Thermalization did not occur, rather a series of recurring, discrete, 
vibrational modes were observed. Similar behavior was found in the 
solution of the Kortweg-deVries equation, the "Granddaddy" equation 
for solitons (Ref. 5). 


An exciting and very "hot" area of both mathematical and 
physical research today is generally subsumed under chaos theory. 
Some simple deterministic equations can exhibit surprising varie- 
ties of dynamic behavior, including stable points and stable 
cycles, in the presence of non-lineararities (Ref. 6,7). In effect 
resonance may occur for a given amplitude and frequency of a forcing 
function, disappearing when the forcing function amplitude either 
increases or decreases. These almost universal properties of many 
differential equations has surprisingly simplistic numerical rela- 
tionships as given by the so called Feigenbaum numbers (Ref. 8). 

Up to now we have been somewhat trapped by the quantum theory. For 
example the feeling of the necessity for finding a quantum resonance. 
It now appears that there may be classical phenomena, universal at 
least within very broad classes, providing metastable states very 
sensitive to both the amplitude and frequency of the forcing 
functions. 


Thus, two major somewhat related tools have appeared. The 
ability to predict oscillatory states by chaos theory and the 
means for propagation of a signal without or nearly without dissi- 
pation by a soliton. The possibility of soliton propagation | 
modes, both through and along the cell membrane, and the existence 
of discrete "classical" energy states engendered by non-linear 
biological parameters may be the essential clues to the explanation 
of recently observed phenomena (Refs. 9,10,11). It's very early in 
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this game. We are still responsible for meeting the requirements 
of scientific proof. Including both reproducibility and predict- 
ability. Reproducibility has been achieved in some cases, but 
quantitative predictability less so. 


Much of the material presented at the conference falls into a 
few groups. A favorite subject seems to be the behavior of the 
neural membrane. Receptor activity including hormones, neuro trans- 
mitters, and anti-body action is another dominant theme. The 
mechanics of energy transfer, particularly solitons, as well as the 
excitation of, for want of a better term, resonance states, has been 
approached by several authors. 


A number of different observational modalities are reported 
including Raman spectra, millimeter wave spectra and biological 
activity or biochemical assay. A number of different trends in 
theoretical development are apparent. These include solitons or 
other quasi particles, proton tunnelling, and cooperative 
(collective) models. Disciplinary domains drawn on include solid 
state physics, nonequilibium thermodynamics, nonlinear dynamics 
and the quantum mechanics of macromolecules in addition to those 
fields which constitute the forefront of modern biology. Over- 
lapping all of these fields applied mathematics and computer 
"experiments" are increasingly significant. 


Three characteristics of reported observations are recurrent 
and may be, together with theory, the key to understanding the 
mechanisms of electromagnetic interaction with biological systems. 
These are: frequency windows, amplitude windows and finite delay 
times between exposure and observable change. 


RECENT EXPERIMENTS AT JOHNS HOPKINS 


An on-going experiment at The Johns Hopkins University is 
collaborative between the Applied Physics Lab and the Medical 
Institutions. The principal investigator, Henry Kues, will present 
this in detail at the June 1983 Bioelectromagnetics Society meeting. 
It's significance to this conference is that it may represent a 
directly observable interaction between electromagnetic energy and 
a cell membrane. An observational technique not too well known in 
the research community (although becoming fairly standard in the 
clinical community) is used for direct in vivo observation of a 
Single layer of cells. The program initially was started on internal 
R & D funds and is now supported by the Office of Naval Research. 
We sometimes call it "A funny thing happened on the way to the 
retina." 


For many years Hopkins has had a team working on improved 
methods of retinal angiography. They thought it might be interest- 
ing to see whether the retina was affected by microwave radiation. 
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In order to assure that there were no optical artifacts in observ- 
ing the retina, a recently available clinical instrument was 
brought into use to to see whether there were any corneal changes. 
(Prior studies, conducted under Army sponsorship, had shown gross 
corneal damage by infrared radiation (lasers) although at substan- 
tially higher levels.) The instrument used is known as a specular 
microscope. This instrument permits observation jin vivo of the 
endothelial layer of the cornea. This is the rearmost single layer 
of cells which separate the cornea from the internal eye matter. 
One function of this cell layer is control of the hydration of the 
cornea. The specular microscope was first introduced into clinical 
practice in 1975 with a rather narrow field permitting the observa- 
tion of some 50 to 150 cells at a time in the central four milli- 
meters of the corneal endothelium. A year or two ago the wide-field 
specular microscope was introduced which can examine a square 
millimeter of endothelium, approximately 3,000 to 3,500 cells at 
one time and can scan the entire central 6 to 8 millimeters of 

the corneal endothelium (Fig. 1). 


The initial experimental animal was the rabbit. There are 
some fundamental differences in the biology of the rabbit endo- 
thelium as opposed to the adult primate endothelium. In the 
rabbit if there is damage to the cornea, mitotic regeneration 
will occur. This mitotic regeneration has not been observed 
in the adult primate cornea, at least not in the central region. 
We might note that the clinical requirement of the development of 
the specular microscope was that damage to the endothelial layer, 
particularly following surgery, for example cataract surgery, is 
a major cause of blindness because of this failure to regenerate. 
If cells are damaged by surgical trauma for example, they will not 
regenerate. Megacells are produced to maintain continuity of the 
layer. If enough cells are lost, the transparency of the cornea 
is affected. 


The focus here will be on the results of these experiments 
The details of protocol and apparatus will be published by the 
principal investigators in the near future (Ref. 12). Let me merely 
stipulate that the microwave exposure conditions have been very care- 
fully and independently checked. A number of possible artifacts have 
been looked at in great detail, including, for example, insertion 
of a microthermistor directly into the cornea to measure tempera- 
ture rise (always less than a degree), and test exposures have 
been carried out with eye lids stitched to minimize any question 
of dehydration of the corneal surface. A standard mild anesthetic 
regimen used in many other experiments at the Hopkins School of 
Medicine was employed. A full set of controls, including shams 
were intrinsic to the experiment. 


The results of the initial experiment on rabbits were that 
CW radiation at 2450 Mhz produced corneal changes with distinct 


592 S. KOSLOV 


Fig. l. Specular photomicrograph of the normal corneal 
endothelium of cynomolgus monkey. 


cell pathology after a single four hour exposure at 10 or 20 ny ene 
Obviously, well below the accepted level for cataractogensis. An 
intriguing feature of these observations was that the cell damage 
was not observed immediately after exposure. Rather, it took some 
24 to 48 hours for the cellular pertubations to be seen. The focus 
of the experiment was then transferred to primates. Cynomolgus 
monkeys, comparable in size to Rhesus, were used. No abnormalities 
were seen in sham exposures. At 30 mW/cm', abnormalities were 

seen in all seven primates examined. One showed them at 10 mW/cm’. 
The same time delays in the appearance of the abnormalties were 
observed. 


The waveform,was changed to a pulse mode maintaining an average 
power of 10 mW/cm’', the lower value at which changes had been 
observed. The standard regime was a 10 microsecond pulse, 100 
pulses per second. The,peak power thus was 1,000 times greater than 
the average of 10 mW/cm’. In 11 experiments, 8 showed abnormalities 
(Fig. 2). More recent experiments have shown that pilocarpine, a 
topical drug commonly used in the treatment of glaucoma, tends 


BRIDGING THE GAP 593 


Fig. 2. Typical appearance of the corneal endothejium 48 hours 
after a single 4 hr. exposure to 10 mW/cm' (avg.) 
(2,450 MHz) pulsed microwaves. 


to reduce the threshold for the effect. Initial experiments seem 
to show that the effect will occur at an average power of 5 mW/cm 
(pulsed) when this drug is used. 


The observational techniques extend beyond the specular micro- 
scope. Both detailed optical (Fig. 3) and electron microscope (EM) 
histology (Fig. 4) have been used. On-going experiments are using 
radioactively labeled glutathione and thymidine in order to eluci- 
date mechanisms. The synergistic action of the pilocarpine is 
rather intriguing, since its pharmacological properties are fairly 
well established. In vivo investigations ongoing relate primarily 
to the endothelial "pump" function, which is affected by the 
pilocarpine. 


In summary, some points of interest here are: First, the 
observation of cellular change at levels well below the so called 
"thermal" level (10 mW/cm” corresponds to a SAR of about 2.6 W/kg). 
Secondly, the effect does not occur immediately after radiation 
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Fig. 3. Photomicrograph of excised corneal endothelium (Alizarin 
red/Trypan Blue stain) showing cell trauma. 


but rather has a latency period that appears to extend somewhere 
between 16 and 48 hours. Third, and perhaps most significant, the 
pulsed radiation is significantly more effective than cw radiation 
for the same average power. 


From a safety viewpoint, these results are very interesting. 
Particularly in view of the rather generous allowance for expo- 
sure of the new ANSI standards at levels greater than 300 MHz 
and additionally in view of the rather common use of drugs like 
pilocarpine in the treatment of glaucoma among the public. From 
the scientific viewpoint, we believe we have a technique of 
looking at single cells in vivo under exposure with effects 
occurring that are related to the wave form. Investigations are 
continuing with plans to look at different frequencies and dif- 
ferent modulations as well as to extend the number of observa- 
tional modalities. 
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Fig. 4. Electron photomicrograph of a cross section of the 
endothelial layer following exposure. Note large 
vacuoles at cell interface. 


RECOMMENDATIONS 


The observations and hypotheses that have been presented 
during the conference are converging to a level of understanding 
of cellular behavior that implies the external electric fields 
can, in fact, become a key to the cellular control console. The 
implications, social, economic, and even military are enormous. 
However, the barriers to major acceleration of these efforts are 
also enormous. What we have heard requires unconventional thinking. 
It requires the academician to leave the warm, comfortable 
environment of his own discipline. It requires many of those who 
control the flow of funds both as peer advisors and as managers 
to admit that they didn't foresee a really significant direction 
of scientific understanding. In the present environment of 
budgetary restrictions, with increasingly larger areas of protec- 
tive turf being defined thereby, simply going through the usual 
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channels is likely to have little impact and will be fortunate if 
it can even maintain level of funding now extant for the areas we 
have discussed. 


Before any Herculean effort can be made to substantially 
increase these activities, we must be sure that we can show proof 
of scientific reality, reproducibility and predictability. Predict- 
ability will, of course, will subsume many potential applications. 
If much of what we have heard is indeed correct, it may be no less 
significant to the nation than the prospects that faced the physics 
community in 1939 when the long-time predicted fissionability of 
the nucleus was actually demonstrated. You may recall the famous 
letter of Albert Einstein to President Roosevelt. When we're in 
a position to do so in terms of our proofs, I would propose that 
an analogous letter is required. 


To start with, a small group is needed to reduce to an easily 
comprehensible size both the proof and its significance. Addition- 
ally, this small group must massage and refine a proposed plan for 
research and related requirements for facilities. I think a self 
organized committee must be formed to produce this "white paper." 
Such a committee, however, should not be drawn exclusively from 
those here at this conference. Rather it should consist of approxi- 
mately half of its members drawn from the community here represented 
and half drawn from a more general scientific community, physical 
and biological and perhaps engineering, who are essentially virginal 
in so far as these research areas are concerned. This would serve 
two functions. First, to insure that indeed a statement can be made 
which is comprehensible to those who have not been working in the 
field. Second, to give an unbiased view as to whether, indeed, the 
proof has been established and prediction is possible. 


An individual has to be identified who could be, but not 
necessarily has to be, a member of this group. The credentials 
and stature of this individual, be he a biological or physical 
scientist, must be such as to give him access to the highest levels 
of government, both executive and congressional. He will have to 
be both the signer and bearer of this letter, or its equivalent. 
The same individual may be appropriate, or a second has to be 
identified whose credentials are equally valid and significant to 
the industrial and the university communities. A similar approach 
must be then be taken with both industry and university. 


Three things are necessary if there is to be a significant 
government sponsored program. Unless all three are extant and 
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parallel, survival and maturing of the program is unlikely to 
occur. The three items are: 


O An identified central point in the government; an agency 
or special committee that is the focal point for funding 
decision making. 


fe) One or preferably more centers of excellence identified 
for development of this field, probably, but not necessarily, 
university connected. They could be associated with a 
government organization, such as DoD, VA or NIH. 


O Third, and most important, a pool of funding available which 
is not committed to these national centers of excellence. 
Rather it must permit flexible decisions in funding a new 
approach, an outstanding, previously unidentified individual 
or a new organization. Failure to do this and preserve this 
ability for independent decision outside of the national 
centers will inevitably result, as it has in many other 
cases, in a large but stagnant pool of talent working forever 
toward goals they had thought of decades ago. 


In parallel, or perhaps sequential, to the development of a 
government program, a collaborative industry/university program 
should be established. For the case of recombinant DNA many 
examples now exist. Examples abound in many other technology 
areas of potential profitability. These collaborations can take 
at least two forms or some combination thereof of these two 
forms. One type it is a knowledge sharing association whereby 
the results of research are shared with participants in the 
joint organization and where the industrial participants can use 
the facilities of the university including temporary interchange 
of their own people and the university people. A less palatable 
but nevertheless perhaps more effective scheme is where the 
industrial financial supporter receives priority in anything which 
may have patent related profitability. The possible commercial 
implication of the areas discussed here are enormous, ranging from 
pharmacology to biomolecular electronics. 


These proposals may appear radical. However, simply encour- 
aging everyone to sit down and write a proposal to their potential 
sponsors in the routine manner will only absorb energy that could 
be well used in scientific investigation with minimal end results. 
Some gain yes, to be sure. I believe we are on the verge of a 
total new understanding of the living system and I believe that 
we are obligated to do something about accelerating its applica- 
tions. 
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